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 This dissertation is aimed towards using stimuli-responsive pNIPAm-co-AAc 
microgels synthesized via free-radical precipitation polymerization to prepare stimuli-
responsive hydrogel microlenses. Chapter 1 gives a detailed background of hydrogels, 
and their applications using responsive hydrogels. Chapter 2 describes the use of 
colloidal hydrogel microparticles as microlens elements and the fabrication method to 
form the hydrogel microlens arrays via Coulombic interactions. Chapter 3 shows the 
demonstration of tunable microlenses prepared by the method used in Chapter 2. In this 
chapter the microlenses are subjected to various pH and temperature in aqueous solutions. 
Chapter 4 shows that microlens arrays constructed on Au nanoparticle-functionalized 
glass substrates display dramatic changes in lensing power as a function of an impingent 
frequency-doubled Nd:YAG laser. The microlens photoswitching is highly reversible, 
with sub-millisecond lens switching times. Chapter 5 describes the development of 
bioresponsive hydrogel microlenses as a new protein detection technology. The 
microlens method is shown to be very specific for the target protein, with no detectable 
interference from nonspecific protein binding. Chapter 6 describes the use of 
bioresponsive hydrogel microlenses as a label-free biosensing scaffolding. These 
microstructures simultaneously act as the biosensor’s scaffolding/immobilization 
architecture, transducer, amplifier, and also allow for broad tunability of the analyte 




INTRODUCTION TO HYDROGELS AS RESPONSIVE MATERIALS 
  
This Chapter is intended to introduce a general background to hydrogel materials 
and their broad applications with the focus on the behavior of responsive hydrogels. First, 
hydrogel basics and classifications will be described in terms of the types of cross-links 
and monomers used. Then, some important examples of responsive hydrogels will be 
illustrated by classifying response types and applications. Finally, some of the recent 
advances in bioresponsive hydrogel materials will be extensively discussed in this 
Chapter.  
 
1.1       Hydrogels 
Hydrogels are difficult to define because they contain both fluidic and solid 
properties. For instance, they have structural integrity when displaced from their 
container. However, small molecules can transport through the hydrogel network as they 
move in a fluid. Here, hydrogels will be defined as physically/chemically cross-linked 
polymeric materials that swell strongly in aqueous phase.1-4 Hydrogels are further 
characterized as a cross-linked network that exhibits visco-elastic or pure elastic behavior, 
which provides dimensional stability to the soft material. The swelling of hydrogels is 
another characteristic because they can absorb aqueous media about thousand times more 
than their dry weight.4-6 This water-absorbing property of the hydrogels can be controlled 
not only by cross-links but also by the monomer identity, which makes them enable to 
1 
respond to various stimuli via the volume phase transtion3 Most of recent advances in 
responsive hydrogels sophisticate this classic property for useful applications in tunable 
optical elements,7-11 micro-fluidic flow control,12-17 surface patterning,18-20 sensing 
transducers,21-28 catalysis,29-32 drug delivery,33-52 protein separation,53-56 cellular/tissue 
engineering5,57-63 and bio-assay/sensing.2,21,64-75 
 
1.1.1 Cross-links in Hydrogels  
Cross-links play an important role in sustaining the structural stability of the 
hydrogels. Based on the type of cross-links, hydrogels can be classified as physically or 
chemically cross-linked.3 In the class of physically cross-linked hydrogels, their networks 
are formed by noncovalent interactions such as hydrophobic interactions, ionic 
interactions, hydrogen bonds, coordination bonds, and protein-ligand associations.1,3,6,76-
81 The motivations in the preparation of this class of hydrogels is often to accomplish 
reversible or degradable hydrogels that exhibit a transition from dimensionally stable 
polymer to a polymer solution. Such a transition behavior can be achieved mainly due to 
the weak binding strength of noncovalent interactions. These hydrogels have been studied 
for encapsulation of proteins, drugs, or cells and then, their release from the dissolved 
hydrogels.33,59,82,83 For chemically cross-linked hydrogels, the cross-links are often 
formed by polymerizing monomers with cross-linking agents such as N,N’ 
methylene(bisacrylamide) (BIS), which provides stable hydrogel structures due to the 




1.1.2    Monomers in Hydrogels 
Hydrogels are polymeric gels that can be formed by polymerization of monomers 
with or without cross-linking agents as previously described in this Chapter. Thus, the 
characteristic behaviors of the polymeric hydrogels are mostly originated from the 
monomers used for the polymerization. Based on the type of the monomers, the 
hydrogels are enable to show significant transition behaviors in response to external 
stimuli such as temperature, pH, photon flux, ionic strength, and electric currents.7,10,84-102 
These thermoresponsive hydrogels undergo a reversible phase separation at the lower 
critical solution temperature (LCST) or upper critical solution temperature (UCST) of the 
polymer as the hydrogel goes from a swollen (or deswollen) state to a deswollen (or 
swollen) state.84,86,96,103,104 For instance, N-isopropylacrylamide (NIPAm) is one of the 
extensively studied monomers for hydrogel polymerizations due to the polymer’s thermal 
behavior in aqueous solutions. Thermoresponsive poly(N-isopropylacrylamide) pNIPAm 
hydrogels can be prepared via a number of polymerization routes.92,96,105-111 By simply 
adding Acrylic acid (AAc) as a comonomer during the polymerization, a 
thermoresponsive hydrogel can be endowed with pH responsivity,.87,112,113 The same 
methodology can be used to make hydrogels attractive for a number of applications as 






Figure 1-1. Common monomers used in the synthesis of thermo/pH responsive microgels. 
        NIPAm – N-isopropylacrylamide 
AAc – Acrylic acid  





       
1.1.3    Microgel Synthesis 
Responsive microgels, colloidally stable particles, are characterized by the fast 
response time for the volume phase transition in sub-second range as well as by their 
smaller size, higher surface area, and high diffusivity than those of their macrogel 
counterparts.114 These microgels can be synthesized by the precipitation polymerization 
technique, which is the most common method to prepare thermoresponsive microgels. In 
this procedure, thermoresponsive pNIPAm hydrogel particles have been prepared with 
narrow size distribution. The volume phase transition temperature (VPTT) of the 
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microgel is affected by cross-linking density, solvents and comonomer in similar fashion 
as their macrogel counterpart does.112,113,115  
Responsive pNIPAm microgels can be synthesized via a number of routes such as 
precipitation polymerization, miniemulsion polymerization and microemulsion 
polymerization.96,111,116-125 Here, standard temperature induced precipitation 
polymerization method for pNIPAm-co-AAc microgel formation will be described 
because all studies on this dissertation used such microgels as a basic template. This 
method takes advantage of the water solubility of the precursor monomers and the 
temperature dependent solubility of the polymerized form of the monomers. Precipitation 
polymerization is carried out in a three-neck round bottom flask containing water that is 
rigorously purged with N2. The purge is required to remove any dissolved O2 from the 
reaction mixture, which acts as a free radical scavenger capable of preventing the 
polymerization reaction from occurring. The solution of main monomer NIPAm and the 
cross-linker BIS are allowed to stir and heat above the LCST of the NIPAm. A number of 
comonomers can be added to the solution, which provides various functionalities to 
hydrogel dependant on monomers.  Note that some concentration of the surfactant, such 
as sodium dodecyl sulfate (SDS), at a concentration below the critical micelle 
concentration (CMC) can be used as a microgel stabilizer in these reactions. For all 
studies contained in this dissertation AAc was used as a comonomer. The chemical 
structures for the common monomers used in this dissertation are shown in Figure 1-1. 
The reaction can be initiated by adding the free-radical initiator ammonium persulfate 
(APS). Addition of APS results in its cleavage producing free radical fragments in 
solution, which are able to react with the solubilized monomer and cross-linker. Upon 
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addition of initiator, pNIPAm chains form and grow and upon reaching a certain critical 
chain length, collapse upon themselves forming precursor particles. Precursor particles 
serve as nuclei for microgel growth eventually reaching a stable structure with a diameter 
which can be also modulated by the amount of surfactant SDS when present in the 
reaction mixture.106,126-128 For example, high SDS concentrations result in small 
microgels while low SDS concentrations result in large microgels. Figure 1-2 shows a 
schematic of the various stages of microgel growth. As discussed previously, numerous 
comonomers are available that can be added to the reaction mixture to add multiple 







Figure 1-2. Schematic of the various stages of microgel growth during precipitation 
polymerization involving pNIPAm chain growth, which collapse upon reaching a critical 
chain length. The collapsed chains then serve as precursor particles for growth resulting 




1.2       Responsive Hydrogels 
            Responsive hydrogels are classified as responsive materials for their stimuli 
responsive properties and also distinguished from non-responsive hydrogels that are 
simply swollen in aqueous phase.85,96,103 Extensive efforts in the field of responsive 
hydrogels have been focused on the design of structures that respond to specific 
stimuli.2,21,32,49,59,65,72,129,130 An equilibrium degree of hydrogel swelling can be modified 
by adjusting polymer hydrophilicity, network elasticity, and charge density.86,87,103,131  
One of the earliest studies on the transitional swelling of polymer networks was 
reported by Dusek and Patterson.103 In their theoretical calculations, they expected that 
the critical conditions for the phase transition of free swelling gel can be achieved by 
adjusting cross-linking of polymeric gel and dissolved solvent quality. In contrast to free 
swelling gel, they also suggested that the phase transition of polymer network under the 
tensional condition can be achieved.  
In other pioneering work, the Tanaka group showed that thermoresponsive ionic 
gels exhibit a discontinuous transition in contrast to a continuous transition exhibited by 
non-ionic gels. They also reported that deswelling rate of the ionic gels is inversely 
proportional to the square of the smallest dimension of the material.86-88,90,91 In addition to 
this contribution, Yan and Hoffman reported that polymerization of NIPAm gels at 
higher temperatures than the LCST of the polymer results in formation of the gels that 
have a large pore size.108 By their methodology, the pNIPAm gels with faster swelling 
rate were successfully synthesized.  
Early responsive hydrogel studies were focused on the development of new 
materials that responded to various stimuli such as pH, temperature, light, and electric 
 7
field that eventually cause the phase separation of the polymeric materials.33,84,87,88,94 For 
instance, when gels are formed by polymerizing the thermoresponsive main monomer, 
NIPAm, and the light-sensitive chromophore chlorophyllin, in presence of cross-link 
agent, the phase transition of the gels are induced by illumination.94 Another interesting 
study on responsive gels was performed by applying electric fields to polyacrylamide 
gels. In this study, some portion of acrylamide group was converted into acrylic acid 
group by hydrolysis, and then the volume phase transition of the ionic gels was induced 
under electric fields, which provide pH gradient and Coulombic interaction between 
electrods.88     
Based on these pioneering works, responsive polymeric gels have been 
extensively studied for useful application in the field of controlled drug release. In early 
studies, ionic polymer gels composed of poly(ethyloxazoline) (PEOx) and either 
poly(methacrylic acid) (PMMA) or poly(acrylic acid) were used to load insulin into the 
gel matrix. By applying electric current to the insulin-loaded matrix, the loaded insulin 
was released from the matrix by disrupting hydrogen bonding in the responsive gels.33 
Although this study was far from practical applications, the concept of erodible gels 
which response to external stimuli has since been widely investigated in the field of drug 
release.35,36,63,132-135  
In other fields of responsive hydrogels, the phase transition of the responsive gels 
was used for the formation of chemical sensing materials in combination with non-
responsive materials.18,21,24,27,54,66-69,75,136,137 For chemical sensing, a crystalline colloidal 
array is prepared from non-responsive polymer spheres which were then polymerized in a 
responsive hydrogel. The hydrogel matrix also contains molecular recognition moieties 
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for metal ions, which results in the hydrogel swelling in the presence of the metal ions 
due to an increased osmotic pressure. Eventually, the swelling of the hydrogel matrix 
shifts the distance between non-responsive colloidal spheres and thus the Bragg peak 
shifts in wavelength.21 They also reported that the crystalline colloidal array can be 
modified with different molecular recognition moieties, which results in various types of 
sensing platforms for the detection of glucose, organophosphorus compounds, and 
creatinine.  
Some interesting studies using responsive hydrogels was reported by Beebe 
group.12 In their work, responsive hydrogels are used to create functional compartment 
for flow control within microfluidic channels via photo-polymerization. By fabricating 
gate components with different types of responsive hydrogels, they have shown that the 
microfluidic system can be controlled autonomously when the hydrogel gate undergoes a 
swelling or deswelling transition in response to a fluid stream. More importantly, they 
mentioned that the fast response times of responsive gels can be attained in micron scale 
mainly due to the short diffusion paths, while their responsive hydrogel construct are 
actually macro-scale with slow response rate about a few seconds.  
Responsive microgels formed by precipitation polymerization have been widely 
used not only for the alternative of responsive macrogels but also for development of the 
novel responsive materials in advanced applications. In the case of new applications 
using the microgels, microgel colloidal crystalline assemblies have been prepared by 
using thermoresponsive hydrogel microparticles, which results in the unusual phase 
behavior due to the microgel thermoresponsivity and the inherent softness of their 
interaction potentials.138-140 In these studies, the thermoresponsivity of the microgel 
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particles makes the crystalline assemblies rapidly and widely tunable in the structures by 
local environment changes such as temperature and irradiation. Since the hydrogel 
particles can be formed in a true micrometer scale and also they undergo swelling or 
deswelling of the particle volumes in response to external stimuli, the microgels have 
been utilized to fabricate responsive hydrogel microlenses via simple Coulombic 
interactions without complex fabrication steps.7,10,64,65 These studies will be extensively 
described in the later chapters of this dissertation.   
 
1.3       Bioresponsive Hydrogels 
Bioresponsive soft materials, which undergo structural and/or morphological 
changes in response to a biological stimulus, have been investigated for numerous 
applications in drug delivery, tissue regeneration, bioassays/biosensors, and biomimetic 
systems.5,21,33-52,57-75 In contrast to simple stimuli-sensitive hydrogels as described in 
previous section, more sophisticated hydrogels that are coupled to bioresponsive moieties 
have been engineered by varying the polymer composition, polymeric structure, and the 
display of specific functional groups. Here, recent efforts in the field of bioresponsive 
materials will be described by the response types of the structures to biological stimuli.  
First, bioresponsive hydrogels can be designed in a degradable form in response 
to external stimuli such as enzymes. This type of hydrogel has been widely studied for 
development of intelligent drug delivery systems and tissue regeneration 
agents.42,59,60,141,142 The second type is biologically decorated gels that exhibit an 
association or repulsion to biological stimuli. Such materials have been applied in the 
fields of targeting cells, protein sieving, and development of the functional substrates to 
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prevent or enhance cell adhesion.49,53,58,143 Reversibly bio-responsive materials have also 
been developed, wherein they display a change in their volume and/or optical properties 
in response to the stimulus. One potential application of such bioresponsive materials is 
in biomolecular sensing, where a physicochemical change of a material is monitored and 
related to a protein, oligonucleotide, or ligand binding event.2,21,64,65,72,144  
One of the recent studies on biodegradable materials was reported by Kim and 
Healy.145 In this effort, pNIPAm-co-AAc hydrogels are prepared by photo-
polymerization with the peptide cross-linker that provides enzyme degradable capability 
of the hydrogels. In the presence of the specific enzyme, collagenase, the peptide cross-
linked hydrogels were successfully degraded in dependence on the concentration of the 
enzyme and the initial cross-linking density. Similarly, the preparation of 
poly(acrylamide) hydrogels with peptide cross-linker was reported by Moore group.141 
These hydrogels are also dissolved when exposed to a solution of α-chymotrypsin.  
One potential application of such biodegradable hydrogels was reported by the 
Hubbell group in the field of tissue regeneration.59,60 In their studies, hydrogels were 
prepared by engineering the network with integrin binding sites and substrate for matrix 
metalloproteinase (MMP), which allows degradable network and invasive structure by 
cells. When the engineered hydrogels were subjected to primary human fibroblasts, the 
cell adhesion and invasion into the network were observed via integrin binding and MMP 
mediation of the cells, respectively. This result suggests that novel functional hydrogels 
can be used for fundamental studies on cell-matrix interactions and furthermore as 
biocompatible materials for tissue regeneration. In a similar concept, drug delivery 
devices by applying the biodegradable hydrogels have been explored wherein drug 
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release is coupled to a change in the hydrogel conformation.42 In this research, the 
hydrogel matrix polymerized with peptide cross-links is loaded with chemotherapy 
agents and then releases them via enzymatic cleavage of hydrogel cross-links in the 
presence of MMP.  
Another type of bioresponsive hydrogel was demonstrated by conjugating a bio-
affinity pair to the hydrogels. In this model, the hydrogels have been used as a convenient 
construct for post-functionalization that allows specific capabilities such as protein:ligand 
binding. One interesting example of such kinds of the hydrogels is in targeting cell as a 
potential drug carrier, where pNIPAm core-shell hydrogel nanoparticles are conjugated 
with the folic acid that is a ligand for targeting cancer cells.49 In this work, when the folic 
acid labeled hydrogel particles are incubated with cancer cells that overexpress the folate 
receptors, the hydrogel particles are incorporated into the cancer cells via receptor-
mediated endocytosis.  
In similar fashion, more sophisticated hydrogel nanoparticles have been proposed 
for protein sieving in combination with the degradable concept as previously discussed. 
In this study, core-shell hydrogel nanoparticles are synthesized by “seed and feed” 
polymerization route, in which the shell is composed of chemically degradable cross-
links and the core is coupled with a ligand. Then, the protein sieving through the 
degradable shell to the ligand labeled core is controlled by adjusting the pore size of the 
shell via the cleavage of the cross-links.53 These results suggest that by manipulating the 
cross-linking density of the hydrogel shell, one can simply sieve a particular size of 
proteins, which also eliminates the concern about nonspecific binding of macromolecules 
such as larger proteins in some applications.  
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One of the advanced types of bioresponsive hydrogels is in biomolecular 
sensing/assays, where a physicochemical change of a hydrogel is monitored and related 
to a protein, oligonucleotide, or ligand binding event. Some important studies on the 
reversibly bioresponsive hydrogel platform were reported by the Miyata group.2,71,72,144 In 
their work, reversibly bioresponsive hydrogels were formed by grafting the antigen and 
the antibody counterpart into hydrogel network, which provides reversible non-covalent 
cross-links via antigen-antibody binding. In the presence of free antigen, the bound 
antigen-antibody cross-links are disrupted via competitive binding of the free antigen, 
which results in swelling of the hydrogels mainly due to decrease of the cross-link degree. 
In addition, the hydrogels undergo reversible volume change, when they exposed to free 
antigen solution or buffer solution via disruption or formation of the cross-link, 
respectively. More recently, they reported that bioresponsive gel can be used to recognize 
tumor-specific glycoprotein marker (α-fetoprotein, AFP), where the gel is prepared by 
biomolecular imprinting using lectin-AFP-antibody complex.2 In this study, the 
biomolecular imprinted gel shows tumor marker responsive behavior by changing 
volume in presence of the AFP. These both studies have shown that the cross-link of the 
gel can be dynamically tuned by using biomolecular binding pairs as a cross-link, 
resulting in the volume change. However, there are still challenging issues that the 
response time of the bioresponsive gels are slow about ~1h, and the volume change in 
response to stimuli is about 5% with respect to the original volume. These issues are 
mainly due to the fact that the reported hydrogels are bulk gels which have a slower 
phase transition than that of microgels.  
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Ulijn group has shown that the molecular accessibility of enzyme responsive 
hydrogel beads can be controlled by the presence of a specific enzyme.146 In this study, 
hydrogel beads that consist of acrylamide and PEG are incorporated with enzyme 
cleavable peptide linkers containing cationic arginine residues. The charged residues 
result in the swelling of the hydrogels via Columbic repulsion and in turn the increase of 
the pore size. When the enzyme responsive hydrogels are exposed to a target enzyme, the 
incorporated peptide linkers are cleaved from the hydrogel network, which results in 
deswelling of the hydrogel via the decrease of Coulombic repulsion. Another interesting 
study on bioresponsive hydrogels have been shown by Daunert group.147 In their research, 
the conformational change of a protein is used to prepare bioresponsive hydrogels since 
certain proteins show the conformational change and then different binding affinities via 
allostery. The bioresponsive hydrogels prepared by calmodulin (protein) and 
phenothiazine (ligand) are responsive to Ca+ (stimulus or allosteric enhancer). In the 
presence of Ca+, the hydrogels are deswollen by the conformational change of the protein 
and thus protein-ligand binding in the hydrogel network.     
These so-called bioresponsive materials may in the future allow for the design of 
systems that can be triggered to perform a task or set of tasks in response to a biological 
event. While these materials have been successfully employed for various bio-
applications such as controlled drug delivery systems, bio-sensing/assay and in tissue 
engineering, they are still of enormous interest for developing more sophisticated 
materials that display more complex responsivities.  
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COLLOIDAL HYDROGEL MICROLENSES 
 
This chapter describes the use of colloidal hydrogel microparticles as microlens 
elements and the fabrication method to form the hydrogel microlens arrays. The 
fabrication of substrate supported microgels is achieved by using electrostatic interactions 
between aminopropyltrimethoxysilane (APTMS) modified glass substrates and the 
microgels acrylic acid (AAc) groups.  The lensing ability was confirmed using an 
inverted light microscope by imaging a photomask through each of the microgels present 
on the surface producing individually addressable images. 
 
2.1       Introduction 
Micro-optical structures have been of recent interest to both industrial and 
academic pursuits regarding the miniaturization of optical elements and the development 
of novel functional materials.1-7 Microlenses in particular have been applied to such fields 
as telecommunications, image analysis, and photolithography.8-18 Microlenses and 
microlens arrays are well known and can be made by a number of routes such as 
photolithography,10-12,19 photothermal patterning,20,21 photopolymerization/photo-
curing,22-25 and polymeric particle self-assembly/melting.26,27 These systems have been 
studied in detail but often have the limitation of requiring multiple fabrication steps 
resulting in lenses with fixed focal lengths, relatively large diameters and/or slow focal 
length switching speeds. A self-assembly approach, in which the microlens precursors are 
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synthesized by traditional solution polymerization routes and are then directly assembled 
on a substrate, would be extremely beneficial with respect to the speed of fabrication and 
the ultimate size limitations of such arrays. Accomplishment of the above goals would 
also enable one to investigate diverse, complex hydrogel responses by simply monitoring 
optical properties of the hydrogel microlenses rather than in measuring size changes of 
hydrogels.  
For the studies presented in this chapter, poly(N-isopropylacrylamide-co-acrylic 
acid) (pNIPAm-co-AAc) microgels were immobilized on glass substrates via Coulombic 
interactions to form supported hydrogel microlens arrays. Because pNIPAm-co-AAc 
microgels are mechanically soft, it is possible for the attractive forces between the 
positively charged substrate and the anionic microgel to cause the microgel to deform 
upon attachment and subsequent drying to produce a monolayer-microgel substrate where 
the particles are deformed in an anisotropic fashion. As previously reported in the 
literature,28-30 pNIPAm-co-AAc microgels are also responsive to external stimuli, 
allowing the possibility of dynamically tuning the microgel curvature in response to 
solution temperature and pH changes. The responsive behavior of the hydrogel 
microlenses will be discussed in Chapter 3.31 
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2.2       Experimental Section 
Materials  
All reagents were purchased from Sigma-Aldrich unless otherwise specified. N-
Isopropylacrylamide (NIPAm) was re-crystallized from hexanes (J.T. Baker) and dried 
under vacuum prior to use. Acrylic acid (AAc) was distilled under reduced pressure. 
N,N’-Methylene(bisacrylamide) (BIS) and ammonium persulfate (APS) were used as 
received. 3-Aminopropyltrimethoxysilane (APTMS) was purchased from United 
Chemical Technologies Inc. and was kept in a desiccator for storage. The glass substrates 
used were 24 x 50 mm Fisher Finest brand cover glass obtained from Fisher Scientific. 
Sulfuric acid and 30% hydrogen peroxide (J.T. Baker) were used to make Piranha 
cleaning solutions. 95% and absolute ethanol was used for various purposes in this 
investigation. All water used throughout this investigation was first house distilled and 
then deionized to a resistance of at least 18 MΩ (Barnstead Thermolyne E-Pure system) 
and then filtered through a 0.2 μm filter to remove particulate matter. 3M transparency 
film for laser printers and a Hewlett Packard LaserJet 4000N printer was used for pattern 
printing. 
Glass Substrate Preparation  
APTMS functionalized glass cover slips were used throughout this section as 
positively charged substrates for microgel deposition. Prior to functionalization the glass 
substrates were cleaned as previously outlined.32 Glass cover slips were first wiped clean 
of any dust using a Kimwipe (Kimberly-Clark). Following this step the substrates were 
immersed in hot Piranha solution, 4:1 H2SO4 : H2O2, (~70 °C) to remove any organics 
from the substrate surface. Next, the substrates were rinsed copiously with H2O then 
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copiously with 95% ethanol. Following this rinsing procedure the substrates were 
immersed in an ethanolic (absolute ethanol) 1% APTMS solution for ~2 hrs. After 2 hrs 
the substrates were removed from the APTMS solution and again rinsed copiously with 
95% ethanol. These substrates were stored in 95% ethanol for no longer than 5 days prior 
to use. Prior to particle deposition, these substrates were rinsed with H2O and dried under 
a stream of nitrogen gas.  
Microgel Synthesis  
The same batch of microgels was used throughout all the experiments presented 
in this chapter and all other chapters. Responsive microgels were prepared by free-radical 
precipitation polymerization of NIPAm. Acrylic acid was used as a comonomer to 
incorporate carboxyl functional groups for multi responsiveness (temperature, pH, and 
further bio-functionalization in Chapter 5 and 6).  For the synthesis, reactant mixture 
composed of a total monomer concentration of 300 mM with a molar composition of 
89.4% NIPAm, 0.5% BIS (crosslinker), was made by dissolving the monomers in 100 
mL deionized water. The reactant mixture was filtered through a 0.8 μm filter and then 
transferred into a 250 mL three-neck round bottom flask. During 60 minutes of N2 purge, 
the mixture was heated to 70 °C and maintained at the same temperature throughout the 
synthesis. Comonomers, AAc (10%) and 4-acrylamido-fluorescein (0.1%), was added to 
the reaction mixture. After the addition of the comonomers, 1 mL of 6.13 mM APS was 
added to initiate the polymerization process. The copolymerization was allowed to 
proceed for 4 hours at 70 °C under N2. The resultant colloidal dispersion was dialyzed 
against water for ~2 weeks with the water being changed twice per day, using 10000 MW 
cut-off dialysis tubing (VWR).  
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Microscopy  
Optical and electron microscopies were used throughout these studies to confirm 
microgel shape, size and lensing ability. A Hitachi S800 scanning electron microscope 
(SEM) was used to determine the shape of microgels attached to the glass substrate. 
Images were obtained by attaching a dry microgel decorated glass substrate to a SEM peg 
at a 45˚ angle and placed in the SEM chamber. The substrate was then imaged with an 
accelerating voltage of 4 kV and the sample tilted relative to the incoming electrons in 
order to obtain profile images of the microgels, as previously described.33 Brightfield 
transmission, polarized light, and differential interference contrast (DIC) optical 
microscopies were used to confirm the lensing abilities of the microgels attached to the 
substrate as well as to determine the microgel size. An Olympus IX 70 inverted 
microscope equipped with a high numerical aperture, oil immersion 100X objective 
(N.A.=1.30) was used to obtain images of the microgels adsorbed to the glass substrate as 
well as imaging a mask through the microgel to prove the lensing abilities of the 
microgels. Images were captured using a black and white CCD camera (PixelFly, Cooke 
Corporation). The experimental setup is shown in Scheme 2-1. 
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2.3       Results and Discussion 
Microgels that are approximately 2 μm in diameter in their water-swollen state 
were used to fabricate microlenses. A differential image contrast (DIC) microscope 
image of the microgels adsorbed to a glass substrate is shown in Figure 2-1(a). Microgels 
were adsorbed to an APTMS functionalized glass substrate by exposing the glass 
substrate to a 10% (v/v) aqueous microgel solution for approximately 1 hr. The substrate 
was then rinsed with deionized H2O and air dried for approximately 1 day prior to 
imaging. Because these microgels are soft/deformable materials it should be the case that 
when the microgel dries on a surface it does so in an anisotropic fashion (one dimension 
deswells more than the other) under conditions where the surface/microgel adhesion is 
strong. This anisotropic drying behavior is seen in the SEM image of the microgels in 
Figure 2-1(b) where it is observed that the microgels de-swell in the z-dimension more 
than they do in the x-y dimension. This type of microgel behavior has been reported 
previously by other investigators.33 From Figure 2-1(b) it is apparent that the microgels 
do resemble traditional plano-convex lenses but it is not intuitive that this type of material 
can actually be used as an optical element. To evaluate the optical properties of the 
deformed microgels, an inverted optical microscope was used and the particles were 









Figure 2-1. (a) DIC image of microgels used throughout this section, scale bar is 5 μm. 
(b) SEM image of the microgels imaged at a grazing angle relative to the substrate. As 
can be seen from the image, the microgels have a plano-convex shape. Scale bar for the 
SEM is 1 μm.  
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When a microscope is set up in crossed polar, where the polarization directions 
for the polarizer and analyzer are perpendicular, a characteristic “cross” pattern arising 
from optical interference is visible in the objective back focal plane. This cross pattern 
can be seen by looking down the eyepiece tube of the microscope after the eyepiece has 
been removed or if an optical element, such as a long focal length Bertrand lens is 
inserted into the imaging system. To determine if microgels can act as microlenses we 
inserted the substrate containing dried microgels onto the microscope and imaged in a 
standard brightfield transmission configuration, Figure 2-1(a). The polarizer/analyzer pair 
was then inserted into the microscope such that their polarization directions were 
perpendicular, as determined by observing the characteristic cross pattern upon removal 
of the microscope eyepiece. The eyepiece was then replaced and the microgels were 
observed under crossed polars with slight defocusing of the objective. Upon defocusing, 
characteristic cross patterns, as seen in the top right inset of Figure 2-2, could be 
observed through each microgel attached to the substrate. Normally, if a Bertrand lens 
was inserted into a microscope under crossed polars, the observer would see one large 
cross pattern through the eyepiece. The fact that a cross pattern is visible through each 










Figure 2-2. Microscope image of the substrate supported microgels from Figure 2-1(a) 
illustrating the microgels’ ability to project a pattern that has been placed at the 
illumination aperture stop. The scale bar is 5 μm. Top left inset shows the photomask 
used for the GT projection onto the microgel array. Top right inset shows that each 
microgel on the substrate is displaying the characteristic cross pattern, which is visible 
under crossed polars when a Bertrand lens is inserted into the microscope, through every 














From this observation it seems that the microgels are acting as independent 
microlenses. To test their ability to reconstruct and project a real-space image, a 
photomask made by printing a GT pattern on a standard transparency slide using a 
standard laser printer, was inserted near a conjugate plane to the back focal plane of the 
objective. The mask is shown in the top left inset of Figure 2-2. The appropriate 
conjugate plane lies at or near the filament of the halogen bulb used for bright field 
illumination. The pattern was inserted into the microscope as close to the bulb as possible 
(at the aperture stop) so that the light passed through the GT pattern before being 
projected upon the lenses. The same substrate used to show the cross pattern was used 
here as well. If the microgels were indeed acting as microlenses the microgels should be 
able to independently project the GT pattern upon defocusing of the objective. Slight 
defocusing is necessary since it is impossible to place the pattern exactly at the true 
conjugate focal plane. Shown in Figure 2-2 is an image of the microgels with the pattern 
GT projected through each microgel attached to the substrate. The interesting feature of 
these microlenses is their ability to project the GT pattern with high pattern integrity, 
despite the fact that these optical elements were prepared by simple solution polymer 
chemistry. Another interesting observation was the fact that not every microgel brings the 
GT into focus at the same exact point, which illustrates that our microgels have a variety 
of different focal lengths (i.e. curvature). Altering the surface chemistry or the softness of 











Figure 2-3. Microscope image of a portion (~25 μm x 25 μm) of the substrate supported 
microgels in an ordered array. Panels (a, c) show the microscope image of the microgels 
dried on the substrate while panels (b, d) show the image projection of the pattern, shown 
in the bottom left insets of panels (b, d). The scale bar is 2 μm. The above images show 
that the microgels exhibit the ability to project patterns in an ordered array. Shown in the 
top right insets of panels (b, d) are projections of the patterns in a defocused state 
illustrating the ability of the array to form connected features, which allows for the 
formation of more complex patterns. The scale bar is 5 μm.  
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Thus far we have demonstrated the construction of microlenses from soft colloidal 
precursors arranged on a substrate in a random fashion. To further illustrate the 
usefulness of this microlens fabrication process ordered microlens arrays were assembled 
following the same procedure as outlined above but instead of rinsing the substrate with 
H2O after one hour the microgel solution was allowed to completely dry on the substrate 
without rinsing, which took about 4-5 hours on average. Light microscopy images of a 
select region of the arrays are shown in Figure 2-3 (a, c). The images show that the 
microgels self-assemble into ordered arrays spontaneously upon drying which results in 
very few defects. Next, we showed that these arrays were useful for pattern projection as 
shown in Figure 2-3 (b, d) for a triangle pattern and a cross pattern, respectively. It was 
also shown that more complex patterns could be obtained from the simple patterns used 
by defocusing the patterns to the point that the images overlap, as seen in the top right 
insets of Figure 2-3 (b, d). 
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2.4       Conclusions 
This Chapter has demonstrated the ability of pNIPAm-co-AAc microgels to act as 
microlenses. This was accomplished by assembling the microgels onto substrates through 
electrostatic interactions, which restricts the dimensional changes of the particles in the x-
y plane, thus causing the particle to adopt a plano-convex shape following drying. The 
lensing ability of these particles has been illustrated by observing their ability to bring an 
image present in the back focal plane of an optical microscope into the image plane. This 
effect indicates that the substrate-supported microgels are capable of acting as 
independent optical elements. It was also illustrated that ordered microlens arrays could 
be easily obtained by following a simple drying procedure. The next section describes the 
use of the above microlens arrays in solution, which show focal length tunability 
dependent on solution conditions. 
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DINAMICALLY TUNABLE HYDROGEL MICROLENSES 
 
This Chapter describes the demonstration of tunable microlenses prepared by 
combining responsive polymers, self-assembly, and microscopic analysis methods. The 
construct presented here is highly versatile and can be expanded upon through simple 
water-based polymer chemistry. Tunable micro-optical elements were prepared by 
aqueous free-radical polymerization and electrostatic self-assembly techniques. Stimuli-
responsive poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-AAc) microgels were 
used as lenses to generate dynamically tunable optical elements. By using optical 
microscopy to investigate the micron scale dynamics of the self-assembled microlenses, 
this Chapter demonstrates focal length tuning through modulation of the solution pH 
and/or temperature. 
 
3.1       Introduction 
 Poly(N-isopropylacrylamide)-based hydrogels are materials that can be made to 
respond to external stimuli.1-6 It has been shown by our group7,8 and others9-12 that stimuli 
responsive particles (100 nm-2 μm diameter) composed of this material and copolymers 
thereof can be easily synthesized. The Chapter 2 has shown that microlens array 
technology has gained in interest for applications in the various fields13-23 and the 
microlens arrays has been fabricated via a number of routes.18,19,24-29 However, the 
fabrication of dynamically tunable microlens arrays is challenging, and has only been 
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realized in few limited cases. Therefore, the fact that these materials are stimuli 
responsive makes them perfect candidates for use in dynamically tunable microlens 
structures. As discussed in Chapter 2, ordered microlens arrays can be fabricated by 
assembling pNIPAm-co-AAc microgels onto an aminopropyltrimethoxysilane (APTMS) 
functionalized glass substrate through common electrostatic interactions. An example of 
such an ordered microlens array is shown in the SEM image in Figure 3-1.  
Plano-convex lens formation is presumably due to deformation of the microgels 
in an anisotropic fashion during substrate attachment due to the mechanical softness of 
microgels. The lens-like structure has been shown to effectively focus images in air due 
to the particle shape and the high refractive index (RI) contrast between in microgel 
polymer (~1.4) in air (~1.0). This chapter demonstrates that such microlens arrays are 
able to project images in aqueous environments despite the decreased RI contrast of the 
water-swollen microgels. Also, since the microgels can still act as lenses in aqueous 
media, the responsivity of the microgels with respect to temperature and pH can be 












Figure 3-1.  SEM image of a microlens array imaged at a grazing angle with respect to 
the substrate. The microgels have formed an ordered array of plano-convex shapes.  
 49
3.2     Experimental Section 
Materials 
 All reagents, materials, and water were purchased and/or prepared as previously 
described in the Chapter 2 unless otherwise specified.   
Microgel Synthesis  
The same batch of microgels was used throughout this investigation and was the 
exact same microgels used in the Chapter 2.  
Microlens Substrate Preparation  
Glass substrates were cleaned by exposing the slides to an Ar plasma (Harrick 
Scientific) for 30 min to remove any organics from the substrate surface. The substrates 
were functionalized in an ethanolic (absolute ethanol) 1% APTMS solution as previously 
described in the Chapter 2. The substrate was then exposed to an aqueous 10% (v/v) 
microgel solution at pH 6.5 (~0.001 M ionic strength) and allowed to completely dry on 
the substrate (~24 hrs). The substrate was subsequently immersed in DI water for 2 hrs, 
then rinsed with DI water, and dried with nitrogen gas to leave behind only microgels 
strongly attached to the substrate by electrostatic interaction. Different pH solutions 
(~0.001 M ionic strength) were introduced into the void space of a microlens 
array/silicone gasket/coverslip sandwich assembly to facilitate optical measurements for 
exploration into the tunable microlens arrays in response to pH and temperature. This 
experimental setup is illustrated in Scheme 3-1.  
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Scheme 3-1. Inverted light microscopy setup used for aqueous phase imaging 








Optical and electron microscopies were used throughout this investigation to 
confirm microgel shape, size and lensing ability. A Hitachi S800 scanning electron 
microscope (SEM) was used to determine the shape of microgels attached to the glass 
substrate. SEM images were obtained by attaching a dry microgel decorated glass 
substrate to a SEM peg and placed in the SEM chamber.  The substrate was then imaged 
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with an accelerating voltage of 15 kV with the sample tilted relative to the incoming 
electrons in order to obtain profile images of the microgels. Brightfield transmission and 
differential image contrast (DIC) optical microscopies were used to confirm the lensing 
abilities of the microgels attached to the substrate.  An Olympus IX 70 inverted 
microscope equipped with a high numerical aperture, oil immersion 100X objective 
(N.A.=1.30), a microscope objective heater and a Peltier-based temperature stage was 
used for imaging the pattern under various conditions. Images were captured using a 
black and white CCD camera (PixelFly, Cooke Corporation) as a function of pH and 
temperature.  
 
3.3       Results and Discussion 
Figure 3-2 shows the focal length tunability of a microlens in response to pH at 
25 °C. The differential interference contrast (DIC) images in panels (a) and (b) show that 
the substrate bound microgel is compact at pH 3.0 and swollen at pH 6.5, respectively. 
This behavior is due to the AAc groups within the microgel network becoming negatively 
charged (pKa~4.25) at pH 6.5, which in turn causes gel swelling due to Coulombic 
repulsion and osmotic effects.9,10 Since the diameter, refractive index, and presumably the 
curvature of the substrate-bound microgels are tunable in response to pH, the lens power 
should be similarly tunable. This lens power tunability is illustrated in Figure 3-2 (c) and 
(d) at pH 3.0 and 6.5, respectively. This figure is made by zooming in on a single particle 
from an array, as seen in Figure 3-3. Panel (c) in Figure 3-2 shows that the microgel at 
pH 3.0 is able to bring into focus a cross pattern placed conjugate to the objective back 
focal plane,30 while Panel (d) shows that the same microgel at pH 6.5 is not able to focus 
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the cross pattern at the same focal point. This focal length tunability can be understood by 
considering the microgels to be more optically dense at pH 3.0 than they are in their 
highly water swollen state at pH 6.5. Taking into account the fact that focal lengths are 
dependent upon the ratio of the RI between the lens material and the surrounding medium, 
where a higher RI difference results in a lens with a shorter focal length (higher lensing 
power), it can be understood why the cross pattern is visible through the microlens at pH 










Figure 3-2.  Panels (a) and (b) show the DIC microscopy images of a substrate-bound 
microgel at pH 3.0 and 6.5, respectively. Panels (c) and (d) show the projection of the 
cross pattern (inset bottom left) through the microgel at the respective pH values. The 
more compact structure present at pH 3.0 is able to focus a cross pattern with a higher 








Figure 3-3.  DIC and pattern projection images of particle arrays in water at pH 6.5 
showing homogeneous image quality from lens to lens.  The scale bar is 1 μm and the 








Since pNIPAm-co-AAc microgels are thermoresponsive at pH 3.0 but 
significantly less so at pH 6.5, the microlenses should display a pH dependent thermal 
tunability. Figures 3-4 and 3-5 show the responsivity of the substrate bound microgels 
and their resulting lensing ability as a function of temperature at pH 3.0 and 6.5, 
respectively.  The DIC microscopy images in Figure 3-4 (top) show that the substrate 
bound microgels respond to increases in temperature by decreasing in size. This decrease 
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in swelling results in an increase in RI contrast with respect to water, which should result 
in an improved microlens focusing. Figure 3-4 (bottom), illustrates that this is the case. 
As the temperature is increased from 25 °C to 40 °C the microlens structure is able to 
focus a cross pattern with higher fidelity. It is also interesting to note that the microlens 
undergoes a sharp size transition at ~ 31 °C7,8,31 which is the same point at which the 
















Figure 3-4.  (Top) DIC microscopy images of a substrate bound microgel in pH 3.0 
solution as a function of temperature. (Bottom) Projection of the cross pattern (inset 
bottom left) through the microgel at the indicated temperatures. As the microgel size 











Figure 3-5.  (Top) DIC microscopy images of a substrate bound microgel in pH 6.5 
solution as a function of temperature. (Bottom) Projection of the cross pattern (inset 
bottom left) through the microgel at the indicated temperatures. The microgel lensing 
ability is invariant with temperature over a wide range due to Coulombic repulsion and 
osmotic pressure in the microgel network as a result of AAc deprotonation. Only upon 
reaching 48 °C does the microlens bring the pattern into focus. Note however that the 
image is still inferior to the pattern projected by the same microlens at pH 3.0. The scale 






Figure 3-5(top) shows the DIC images of the substrate bound microgel at pH 6.5 
as a function of temperature. In contrast to the behavior at pH 3.0, the higher pH results 
in a microgel that is not responsive to heating over the same temperature range. It is not 
until 48 °C that the microgel undergoes a transition, which is consistent with previous 
studies.7 As expected, the lensing ability of the microlens, which is shown in Figure 3-
5(bottom), is unaffected by temperature up until the transition temperature of 48 °C, at 
which point the optical properties drastically change. 
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3.4      Conclusions 
This chapter discusses that substrate supported, stimuli-responsive pNIPAm-co-
AAc microgels form dynamically tunable microlenses and their tunable properties in 
microlens formation are visualized by employing optical microscopy. The lenses are 
produced via simple aqueous phase polymerization and the arrays are fabricated without 
the need for photolithographic or micromolding processes. These characteristics make 
this system attractive for the rapid construction of lens arrays with wet chemical methods. 
Furthermore, these structures have been shown to be tunable as a function of temperature 
and pH, where the water content of the microgel has a profound effect on lensing ability 
due to changes in refractive index contrast with the medium. Various and detailed 
investigations into the changes in substrate supported microlens deswelling and swelling 
will be discussed in Chapter 4, 5, and 6.  
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PHOTO-SWITCHABLE MICROLENS ARRAYS 
 
This Chapter describes work on 2-D microlens arrays composed of 
temperature/pH responsive pNIPAm-co-AAc microgels. The arrays are constructed on 
Au nanoparticle-functionalized glass substrates by self-assembly of responsive microgel 
particles. The microlens array is composed of discrete optical elements that display 
dramatic changes in lensing power in response to an impingent frequency-doubled 
Nd:YAG laser. This wavelength is resonant with the plasmon absorption of the 
underlying Au nanoparticles, which thereby re-radiate the absorbed energy as heat into 
the thermoresponsive microlenses. Microlens photoswitching is highly reversible, with 
sub-millisecond lens switching times. 
 
4.1       Introduction 
As discussed in Chapter 2 and Chapter 3, using an electrostatic self-assembly 
approach, ordered microlens arrays can be fabricated on glass substrates, and furthermore, 
they effectively function as optical elements capable of focusing images in air and 
water.1,2 The lensing ability of the hydrogel microlenses is mainly due to the 
hemispherical particle shape that results from immobilization on the solid support, and 
the refractive index (RI) contrast between the deswollen microgel polymer (~1.4) and the 
medium. Microlens array focal length tunability in water has also been demonstrated 
based on the thermoresponsivity of pNIPAm-co-AAc microgels in aqueous solution. As 
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the temperature of a pNIPAm microgel in solution is increased to that polymer’s intrinsic 
lower critical solution temperature (LCST), the microgels undergo a phase transition 
from a solvent swollen state to a deswollen state.3-9 Accordingly, the thermoresponsive 
optical properties of the microlens arrays can be understood not only by considering the 
microgels to be more optically dense above the LCST, but also by considering the fact 
that lensing power is dependent upon the ratio of the refractive index (RI) between the 
lens material and the surrounding medium, where a higher RI difference results in a 
shorter focal length lens. 
This chapter describes the demonstration of microlens arrays comprised of fast-
responding, reversible, photo-tunable lens elements, which are prepared using simple wet 
chemical methods. These arrays are fabricated by exposing 3-
aminopropyltrimethoxysilane (APTMS) functionalized glass substrates to citrate 
stabilized Au nanoparticles (16±1.6 nm), which attach to the glass substrate via 
electrostatic interactions.10 The presence of Au nanoparticles on the surface allows for 
local heating of the sample through excitation of surface plasmon modes on the Au 
nanoparticles with a frequency-doubled Nd:YAG laser (λ=532 nm).11,12 Plasmon 
excitation results in energy transfer to the environment in the form of thermal dissipation 
through electron-phonon and phonon-phonon coupling.13 This Au nanoparticle-coated 
substrate is subsequently rendered positively charged by exposure to the cationic 
polyelectrolyte poly(allylamine hydrochloride) (PAH). In this fashion, the PNIPAm-co-
AAc microgel particles coat the APTMS/Au/PAH modified glass substrate via 
electrostatic self-assembly. Figure 4-1 shows a schematic depiction and a scanning 
electron microscopy (SEM) image of this structure. In this arrangement, one takes 
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advantage of the conjugate focal planes in the microscope by placing a pattern near a 
plane conjugate to the back focal plane of the objective. When the microgels act as lens 
elements as a function of incident laser power, they change the effective focal length of 
the microscope, bringing the back focal plane of the objective near the eyepoint. This is 


















Figure 4-1. (a) Schematic depiction of the multicomponent film used to create 






4.2       Experimental Section 
Materials 
All reagents, materials, and water were purchased and/or prepared as previously 
described in the Chapter 2 unless otherwise specified. Poly(allylamine hydrochloride) 
(PAH), MW 70 000, was purchased from Sigma-Aldrich and used as received.  
Microgel Synthesis 
The same batch of microgels was used throughout this investigation and was the 
exact same microgels used in the Chapter 2.  
Au Nanoparticle Synthesis 
250 mL of 1.0 mM HAuCl4 solution was stirred while heating to a vigorous boil. 
25 mL of a 38.8 mM sodium citrate was then rapidly added to the above solution 
producing a pale yellow solution, which quickly became a deep burgundy. The solution 
was allowed boil for an additional 10 min following the color change. The heat source 
was then removed and stirring was allowed to proceed for 15 min. The particle diameter 
determined by transmission electron microscopy (TEM, JEOL 1210 Analytical TEM) 
was 16±1.6 nm.12  
Microlens Array Substrate Preparation 
Glass substrates were cleaned by exposing the slides to an Ar plasma (Harrick 
Scientific) for at least 30 min for removal of organics from the substrate surface and 
functionalized in an ethanolic (absolute ethanol) 1% APTMS solution as previously 
described in the Chapter 2. Prior to assembly, each substrate was rinsed with DI H2O and 
dried under a stream of nitrogen gas. A concentrated solution of 16±1.6 nm gold 
nanoparticles was allowed to electrostatically assemble onto the APTMS functionalized 
glass substrate for 30 min. This substrate was then exposed to a 0.0053 monoM (moles/L 
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monomer) solution of the linear polyelectrolyte PAH, MW 70 000, for 30 min, thereby 
allowing for electrostatic adsorption of a monolayer of the polymer. After each 
deposition step, the substrate was rinsed copiously with DI water and dried under a 
stream of nitrogen gas. The substrate was then exposed to an aqueous 10% (v/v) microgel 
solution at pH ~6.5, which was allowed to completely dry on the substrate (~24 hrs). At 
this pH, the microgels are anionic, resulting in good adhesion to the cationic substrate, as 
well as a high surface coverage. The substrate was subsequently immersed in DI water 
for 2 hrs, rinsed with DI water, and dried with nitrogen gas to leave behind microgels that 
are strongly attached to the substrate by electrostatic interactions.  
Microscopy 
The same optical and electron microscopies as described in the Chapter 2 were 
used to confirm microgel shape, size and the tunability of the micro-optical elements 
attached to the substrate. An Olympus IX 70 inverted microscope equipped with a high 
numerical aperture, oil immersion 100X objective (N.A.=1.30), a microscope objective 
heater and a Peltier-based temperature stage as previously shown in the Chapter 2 was 
used for imaging the pattern under various conditions. The experimental setup is shown 
in Scheme 4-1. Images were captured using a black and white CCD camera (PixelFly, 
Cooke Corporation) as a function of laser intensity, which was adjusted by neutral 
density filters, (10.22 mW/μm2 ~ 184.97 mW/μm2). An Itronx Imaging Technologies 
FASTCAM DVR CCD camera∗ was used to determine the time scale of the laser induced 
optical switching at a rate of 2000 frames per second (FPS).  
                                                 
∗  We thank Prof. M. Srinivasarao for the fast frame rate CCD camera used in this study. 
 65
 
Scheme 4-1. Inverted light microscopy setup used for detection of the photoswichable 







4.3     Results and Discussion 
For photo-switchable microlens tuning study, hydrogel microlens arrays 
assembled to APTMS/Au/PAH modified glass substrate as described in experimental 
section were used. The key characteristics of this construct with respect to photo-tuning 
relate to the optical properties of the colloidal Au array, and the thermoresponsivity of the 
microgel lens elements. UV-vis spectroscopy was used to confirm the presence of Au 















Figure 4-2 shows the spectra for Au nanoparticles in aqueous solution and an Au 
nanoparticle functionalized substrate coated with a microlens array. The absorption 
spectrum for the substrate-bound Au nanoparticles is shifted to slightly higher 
wavelengths than that of the Au nanoparticle solution. A long-wavelength shoulder is 
also apparent in the spectrum of the lens array. The long-wavelength shoulder is most 
likely due to slight Au nanoparticle aggregation on the substrate during assembly, while 
the plasmon resonance shift results from the microlens array. The deswollen microlenses 
present a higher local refractive index to the Au nanoparticles surface, thereby shifting 
the plasmon resonance to lower energy. 
The photoresponsivity of the microlens arrays was initially investigated by 
monitoring the projection of a triangle pattern through the lenses while exposed to a pH 
3.0 solution, in response to various laser powers and bath temperatures in Figure 4-3. 
Panels (a) and (b) show the focal length tunability of the microlens arrays at a bath 
temperature of 25 °C upon laser exposure. Each lens is capable of projecting the triangle 
image only in the region of laser light excitation, where the effective temperature is 
higher than the microgel LCST. The number of lenses that display a high quality image is 
also tunable by varying the laser power (see Figure 4-4). Similarly, panels (c) and (d) 
show the focal length tunability of the microlens arrays at a bath temperature of 10 °C 
upon laser exposure. A smaller area of the array is switched under these conditions, as the 
bath temperature is further from the 31 °C LCST of pNIPAm. Note that the same laser 
power is impingent on the array in panels (b) and (c). Since a fixed laser power induces a 
fixed temperature jump, moving the bath temperature far below the LCST results in 
photo-induced temperature excursion that is now below the polymer LCST in Figure 4-
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3(c). It is also theoretically possible to control single lens elements of the array by this 
method. Since the laser spot is essentially diffraction limited in size (~266 nm diameter) 
under these illumination conditions, it is in fact smaller than an individual lens. By 
controlling the bath temperature and the laser intensity one can therefore interrogate a 
single lens element. 





Figure 4-3. Photo-switching of microlens arrays as a function of laser power and solution 
temperature at pH 3.0. Arrays at 25 °C (a, b) and 10 °C (c, d) show laser power 
dependent optical properties by projecting a triangle pattern (bottom left) only when the 
laser power is sufficient to produce the necessary temperature jump to above the microgel 
LCST. Laser powers are 10.22 mW/μm2 (a), 38.45 mW/μm2 (b, c), and 88.90 mW/μm2 
(d). From the figure it can also be seen that each lens is capable of projecting an image 








Figure 4-4. (Top) DIC microscopy images of substrate bound microgels in pH 3.0 
solution at 25 °C as a function of laser power. (Bottom) Projection of a triangle pattern 
(inset bottom left) through the microgel at different laser powers. As the laser power 
increases, the modulated region of the microlens array increases. The laser intensities at 
the microlens array surface are 10.22 mW/μm2 (a,e), 20.14 mW/μm2 (b,f), 24.66 




Figures 4-5(a) and (b) show images projected through the microlens array at 
25 °C and pH 6.5 as a function of laser power. Comparing Figures 4-3(b) and 4-5(a), 
where the laser powers are identical, suggests that the microlens array at pH 6.5 is less 
sensitive to laser irradiation than at pH 3.0. This behavior is due to the higher LCST of 
the microgels at this pH, caused by AAc deprotonation within the microgel network at 
pH values above the pKa (pKa~4.25).4 As expected, the lensing ability of the microlens is 
unaffected by temperature up to the transition temperature of ~48 °C as observed by the 
bulk heating experiments (see Figure 4-6). Figure 4-5(b) and (d) illustrates that the 
microlens array is again extremely sensitive to the bath temperature, as indicated by a 
decrease in the area of the modulated region at low temperature. This effect can also be 
confirmed by comparing the modulated area in Figure 4-3(d) to Figure 4-5(d).  This 
effect is due to the lower LCST of the microgels at pH 3.0, which are therefore able to 
respond to smaller temperature jumps than the microgels at pH 6.5. Note that similar 











Figure 4-5. Photo-switching of microlens arrays as a function of laser power and solution 
temperature at pH 6.5. Again it can be seen that the arrays at 25 °C (a, b) and 10 °C (c, d) 
show laser power dependent optical properties by projecting a triangle pattern (bottom 
left) only when the laser power is sufficient to produce the necessary temperature jump to 
above the microgel LCST. Laser powers are 38.45 mW/μm2 (a), 88.90 mW/μm2 (b, d), 
and 48.56 mW/μm2 (c). By comparison to Figure 2 it can be seen that more laser power is 






Figure 4-6. Projection of a triangle pattern (inset left) through the microlens array at pH 










Figure 4-7. (a) DIC microscopy images of substrate bound microgels in pH 6.5 solution 
at 25 °C. (b) Projection of a square pattern (inset bottom left) through the microgel. The 
laser intensities at the microlens array surface are 221.83 mW/μm2. 
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The reversibility and response rate of the microlens array are shown in Figure 4-8. 
The laser modulation frequency was controlled by passing it through an optical chopper. 
Row (a) shows that the optical properties of the microlens array can be fully modulated, 
in a completely reversible fashion, using 10 ms laser pulses. This experiment was 
performed without the projection of a pattern through the array, as the camera was not 
sensitive enough to detect the projected image while acquiring images at 2000 frames per 
second. It should be pointed out that the apparent response time of microlenses in the 
array was measured at <500 μs, as we cannot resolve intermediate stages of microgel 
deswelling at 2000 frames per second under the conditions presented in Figure 4-8 (see 
Figure 4-9). In other words, individual lens elements go from a non-lensing to a lensing 
state within one frame at this image capture rate. Literature reports place microgel 
deswelling rates on the timescale of tens to hundreds of microseconds, depending on the 
network density and particle size.14 Figure 4-8 (b) and (c) also shows that this 
reversibility is diminished upon increasing the laser repetition frequency from 200 to 500 
Hz. This is due to the fact that while microgel deswelling is caused by fast thermal 
dissipation from the laser-excited Au nanoparticles to the microlenses, the reswelling of 
the microgel is limited by the slow dissipation of heat away from the substrate. Thus, the 
microlens array appears totally deswollen at 500 Hz, as the pulsing frequency is faster 










Figure 4-8. Images captured with a fastcam DVR CCD camera at 2000 FPS while 
chopping the Nd:YAG laser source at 50 Hz (a), 200 Hz (b), and 500 Hz (c) in pH 6.5 
solution at 15 °C. The optical properties of the array can be reversibly modulated in phase 
with laser pulses of 50 Hz (a). However, once the laser modulation frequency exceeds the 
rate of thermal diffusion from the microgels, the modulation of the microlens array 
diminishes (b,c). The laser intensity at the array surface is 184.97 mW/μm2. The numbers 
























Figure 4-9. Images captured with a fastcam DVR CCD camera at 2000 FPS while 
chopping a Nd:YAG laser source at a frequency of 50 Hz in pH 6.5 solution at 15 °C. 
The on (a) and off (b) time is on the order of ~1.5 msec. The laser intensity at the 




4-4      Conclusions 
This chapter has shown that a high-density microlens array can be fabricated by 
using simple wet-chemical methods and, also, the microlens array can be tuned or 
switched by an external laser source. The fabrication technology is inexpensive, scalable, 
and rapid, in contrast to traditional micromolding or photolithographic approaches. The 
unique characteristics of the micro optics include the ability to confine the tunable region 
to the single microlens scale, fast response rate (~10-fold faster than video rate), and 
highly reversible behavior under pulsed laser control. These characteristics make this 
system an attractive enabling technology for the future development of agile micro-




(1) Serpe, M. J.; Kim, J.; Lyon, L. A., Colloidal hydrogel microlenses. Adv. Mater. 
2004, 16, 184-187. 
(2) Kim, J.; Serpe, M. J.; Lyon, L. A., Hydrogel Microparticles as Dynamically 
Tunable Microlenses. J. Am. Chem. Soc. 2004, 126, 9512-9513. 
(3) Gan, D.; Lyon, L. A., Tunable Swelling Kinetics in Core-Shell Hydrogel 
Nanoparticles. J. Am. Chem. Soc. 2001, 123, 7511-7517. 
(4) Jones, C. D.; Lyon, L. A., Synthesis and Characterization of Multiresponsive 
Core-Shell Microgels. Macromolecules 2000, 33, 8301-8306. 
(5) Pelton, R., Temperature-sensitive aqueous microgels. Adv. Colloid. Interface Sci. 
2000, 85, 1-33. 
(6) Dusek, K.; Patterson, K., Transition on swollen polymer networks induced by 
intramolecular condensation. Journal of Polymer Science, Polymer Physics 
Edition 1968, 6, 1209-16. 
(7) Tanaka, T.; Fillmore, D. J.; Sun, S.-T.; Nishio, I.; Swislow, G.; Shah, A., Phase 
Transition in Ionic Gels. Phys. Rev. Lett. 1980, 45, 1636-1639. 
(8) Tanaka, T.; Fillmore, D. J., Kinetics of Swelling of Gels. J. Chem. Phys. 1979, 70, 
1214 - 1218. 
(9) Arotcarena, M.; Heise, B.; Ishaya, S.; Laschewsky, A., Switching the inside and 
the outside of aggregates of water-soluble block copolymers with double 
thermoresponsivity. J. Am. Chem. Soc. 2002, 124, 3787-3793. 
(10) Freeman, R. G.; Grabar, K. C.; Allison, K. J.; Bright, R. M.; Davis, J. A.; Guthrie, 
A. P.; Hommer, M. B.; Jackson, M. A.; Smith, P. C.; Walter, D. G.; Natan, M. J., 
Self-Assembled Metal Colloid Monolayers - an Approach to Sers Substrates. 
Science 1995, 267, 1629-1632. 
 78
(11) Jones, C. D.; Serpe, M. J.; Schroeder, L.; Lyon, L. A., Microlens formation in 
microgel/gold colloid composite materials via photothermal patterning. J. Am. 
Chem. Soc. 2003, 125, 5292-5293. 
(12) Jones, C. D.; Lyon, L. A., Photothermal patterning of microgel/gold nanoparticle 
composite colloidal crystals. J. Am. Chem. Soc. 2003, 125, 460-465. 
(13) Link, S.; El-Sayed, M. A., Shape and size dependence of radiative, non-radiative 
and photothermal properties of gold nanocrystals. International Reviews in 
Physical Chemistry 2000, 19, 409-453. 
(14) Wang, J. P.; Gan, D. J.; Lyon, L. A.; El-Sayed, M. A., Temperature-jump 
investigations of the kinetics of hydrogel nanoparticle volume phase transitions. J. 







BIORESPONSIVE HYDROGEL MICROLENSES 
 
This Chapter describes the development of bioresponsive hydrogel microlenses as 
a new protein detection technology. Stimuli-responsive poly(N-isopropylacrylamide-co-
acrylic acid) (pNIPAm-co-AAc) microgels have been synthesized via free-radical 
precipitation polymerization. These hydrogel microparticles were then functionalized 
with biotin via EDC coupling. Hydrogel microlenses were prepared from the particles via 
Coulombic assembly onto a silane-modified glass substrate. Arrays containing both 
pNIPAm-co-AAc microgels (as an internal control) and biotinylated pNIPAm-co-AAc 
microgels were then used to detect multivalent binding of both avidin and polyclonal 
anti-biotin. Protein binding was determined by monitoring the optical properties of the 
microlenses using a brightfield optical microscopy technique. The microlens method is 
shown to be very specific for the target protein, with no detectable interference from 
nonspecific protein binding. Finally, the reversibility of the hydrogel microlens assay has 
been studied in the case of anti-biotin to determine the potential application of the 
microlens assay technology in a displacement-type assay. These results suggest that the 
microlens method may be an appropriate one for label-free detection of proteins or small 
molecules via displacement of tethered protein-ligand pairs.  
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5.1       Introduction 
Over the past decade, a number of applications involving stimuli-sensitive 
hydrogels have arisen due to the great potential for hydrogels as matrices, actuators, and 
transducers.1-13 Many of these hydrogels have been thermoresponsive, which undergo a 
reversible phase separation at the lower critical solution temperature (LCST) or upper 
critical solution temperature (UCST) of the polymer.14-18 It has been reported that 
specifically engineering such hydrogels with additional functionalities, can result in 
hydrogels responsive to stimuli such as pH, ionic strength, photon flux, and biomolecular 
binding events.8,9,19-28 These additional stimuli-responsive characteristics make them 
useful for numerous applications, such as controlled drug release,11,25,29-31 tissue 
regeneration,1,32 surface patterning,3,33 microfluidic flow control,12,34-37 tunable 
optics,4,10,26,38 molecular switches,2 and sensing transducers.4,39,40  
Previous Chapters described that poly(N-isopropylacrylamide-co-acrylic acid) 
(pNIPAm-co-AAc) microgels can be used to fabricate dynamically tunable microlens 
arrays. Such tunable microlens arrays are easily assembled on an 
aminopropyltrimethoxysilane (APTMS) functionalized glass substrate via common 
electrostatic interactions. The optical properties of these hydrogel-based microlenses can 
be tuned by different stimuli, such as temperature, pH, and photons, as a result of the 
responsivity of the network to those stimuli.26,38 Furthermore, the lens-like structure 
enables us to visualize subtle changes in gel swelling at the micro-scale using a simple 
optical microscope setup. This Chapter will describe the use of this microlensing 
methodology to visualize the modulation of gel swelling via protein-ligand interactions. 
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This construct represents a new method of visualizing protein assays wherein the gel 
substrate itself is also the transducer element. 
The particular issue in developing a biological assay is not only achieving high 
selectivity to the target molecules but also simplicity in fabrication. An inexpensive assay 
technique that is generalizable to a wide range of different affinity pairs with high 
selectivity would increase the potential for the use of the technique in many applications 
such as protein assays, drug screening, chemical sensing, and the detection of genetic 
defects such as single nucleotide polymorphisms. Chapter 5 will show development of a 
new protein assay method by utilizing ligand functionalized hydrogels, which 
simultaneously associate with the protein of interest and report on the binding event. In 
particular, the technique described here is free from false signals due to non-specific 
binding and could be used for very complex mixtures by employing the inherent 
advantage of a displacement-type assay scheme.       
 
5.2      Experimental Section 
Materials 
All reagents, materials, and water were purchased and/or prepared as previously 
described in the Chapter 2 unless otherwise specified. Dimethyl sulfoxide (DMSO) was 
obtained from J.T. Baker. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 
biotin hydrazide were purchased from Pierce. Unlabled avidin and fluorescent avidin 
conjugate (texas red) were obtained from Molecular Probes. Polyclonal anti-avidin 




The same batch of microgels was used throughout this investigation and was the 
exact same microgels used in the Chapter 2.  
Microgel Biotinylation 
 1 mL of the synthesized microgel solution was cleaned via centrifugation to 
remove unreacted materials and was then resuspended in 2-[N-morpholino]ehtanesulfonic 
acid (MES) buffer pH 4.7. The microgel solution was then diluted 10-fold with the MES 
buffer to reduce the concentration of the particles. This diluted solution was used for 
biotinylation. Separately, 3.8 mg of biotin hydrazide was dissolved in 0.5 mL of DMSO 
and was added to the diluted microgel solution. The amount of biotin hydrazide used is 
50 % of the total amount of acrylic acid in the microgel solution. 15 mg of EDC was 
added to the microgel and biotin solution to activate the coupling reaction.41 The solution 
was stirred overnight at 4 °C. The unreacted biotin hydrazide was removed by several 
cycles of centrifugation and resuspension in pH 7.5 Phosphate buffered saline (PBS) 
buffer.  
Hydrogel Microlens Substrate Preparation 
Glass cover slips were cleaned in an Ar plasma (Harrick Scientific) and 
functionalized in an ethanolic (absolute ethanol) 1% APTMS solution as previously 
described in the Chapter 2. The substrate was then exposed to an aqueous 10% (v/v 
dilution of initial concentration following synthesis) microgel solution at pH 6.5 (~0.001 
M ionic strength) for 5 min. The substrate was subsequently rinsed with DI water and 
dried with nitrogen gas, and then exposed to a biotinylated microgel solution buffered by 
10 mM PBS buffer pH 7.5. After 5 min, the substrate was immersed in DI water for 2 hrs, 
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rinsed with DI water, and dried with nitrogen gas to leave behind microgels that are 
strongly attached to the substrate by Coulombic interactions. For microscopic 
investigations of microlens response to protein binding, 150 μL of various avidin, biotin, 
anti-avidin, and anti-biotin solutions buffered in 10 mM PBS were introduced into the 




Scheme 5-1. Inverted light microscopy setup used for bioresponsive hydrogel microlens 









Brightfield and fluorescence optical microscopies were used to observe the 
hydrogel microlenses. Brightfield transmission and differential interference contrast 
(DIC) optical microscopies were used to study the changes in the optical properties of the 
hydrogel microlens attached to the substrate, while epi-fluorescence microscopy was 
used to visualize the binding of fluorescently labeled proteins to the fluorescently labeled 
microlenses. An Olympus IX70 inverted microscope equipped with a high numerical 
aperture, oil immersion 100X objective (NA=1.30) was used for all microscopies 
reported here. Images were captured using either a black/white or a color CCD camera 
(PixelFly, Cooke Corporation).  
 
5.3       Results and Discussion 
The main strategy in this work is to utilize the biotinylated pNIPAm-co-AAc 
hydrogel microparticles as both the protein recognizing and transducing material 
(Scheme 5-2). In this strategy, a portion (~50%) of the acid groups of the microgels are 
conjugated to the biotin ligand via EDC coupling. These biotinylated microgels then 
interact with multivalent proteins (avidin and anti-biotin), which form additional cross-
links between polymer chains in the network. Such a cross-linking event results in the 
change in the equilibrium swelling volume of the microgel and hence an increase in the 
local refractive index (RI) of the microgel. Chapters 3 and 4 have shown that the optical 
properties of the hydrogel microlenses are dependent on the refractive index (RI) contrast 
between the hydrogel and the surrounding medium.26,38 Also, microlenses formed from 
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pH and temperature responsive gels are able to project images of different fidelities in 






Scheme 5-2. Conceptual representation of the hydrogel microlens assay. (a) pNIPAm-co-
AAc hydrogel microparticles synthesized by aqueous free-radical precipitation 
polymerization method. (b) Biotinylation of pNIPAm-co-AAc hydrogel microparticles 
via EDC coupling. (c) Formation of cross-links in the hydrogels by multivalent binding 
of avidin to biotin on the hydrogel microlenses. (d) Cross-link formation in the hydrogel 









To investigate the potential utility of hydrogel microlenses in this protein assay 
system, we prepared substrates containing a random, binary distribution of microlenses, 
where both pNIPAm-co-AAc microlenses and biotinylated pNIPAm-co-AAc microlenses 
are present in approximately equal number densities. Under the deposition conditions 
used, a sub-monolayer coverage of microlenses is obtained, which allows for imaging of 
individual microlens optical properties without interference from adjacent particles. Both 
modified and unmodified microlenses were used to prepare these samples such that the 
unmodified microlens can act as an internal control and reference state. The microlenses 
were then exposed to various concentrations of avidin solutions by introduction of 150 
μL the proper solution into the void space of a microlens array/silicone gasket/coverslip 
sandwich assembly. The effects of avidin concentration on the optical properties of the 
microlenses are shown in Figure 5-1. It is interesting to note that only the biotinylated 
hydrogel microlenses (left elements in each panel) show a difference in appearance in the 
differential interference contrast (DIC)42 images as the avidin concentration is increased, 
with the most marked difference being the formation of the dark circle at the particle 
periphery (Figure 5-1(a)). The non-biotinylated microlenses (right elements in each 
panel) do not show any apparent change at different concentrations of avidin. In Figure 5-
1(b), the biotinylated microlenses exhibit a large change in image formation (white 
square) at 100 nM avidin (equivalent to 15 pmoles of protein), while the non-biotinylated 
hydrogel microlenses show a weak, poorly focused image over the entire range of the 
avidin concentrations. The change in lens projection observed for the biotinylated lenses 
appears to be the formation of a double image, where the periphery of the particle appears 
bright, while a small, more tightly focused square appears at the center of the microlens. 
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These phenomena are due to the local RI change of the biotinylated hydrogels caused by 
the formation of biotin-avidin networking on the surface at a critical avidin concentration. 
The higher RI decreases the effective focal length of the microlens, hence creating a 
smaller, more tightly focused image of the white square pattern. It may also be the case 
that the higher refractive index at the microlens surface causes an increase in light 
scattering, which may be the origin of the bright appearance of the particle periphery. 
Regardless of the detailed origins of the image formation, it is clear that the ligand-
modified lenses are sensitive to protein binding, and directly report on that binding 
through a change in both microlens appearance (Figure 5-1(a)) and microlens 
performance (Figure 5-1(b)). Also, note that the biotinylated hydrogel microlenses have 
very different optical properties (focal lengths) than the non-biotinylated microlenses 
before introduction of the protein (e.g. in PBS only). This arises from the decrease in the 
number of acidic sites in the biotinylated microgels, which decreases the equilibrium 








Figure 5-1. Dependence of microlens swelling in 10 mM PBS buffer solution as a 
function of avidin concentration at room temperature. (a) DIC microscopy images of a 
substrate bound pNIPAm-co-AAc hydrogels (right element in each panel) and 
biotinylated pNIPAm-co-AAc hydrogels (left element in each panel) at the indicated 
avidin concentrations. (b) Projection of the single square pattern (top right) through the 
hydrogel microlenses under the same conditions as described for column a. As the avidin 
concentration increases, only the biotinylated hydrogel microlenses form dark circles in 
DIC images (a) and show modulation of the square images in projection mode (b). Note 
that a 150 μL of each solution was used for this experiment (100 nM is equivalent to 15 
pmoles of avidin). The scale bar is 2 μm. 
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In designing any affinity-based assay system, mediation of non-specific 
adsorption and enhancement of selectivity are two of the key figures of merit. Thus, 
fluorescence microscopy was used to investigate specific biotin-avidin binding to the 
hydrogel microlenses (Figure 5-2(a) and (b)). Note that the avidin and hydrogels are 
labeled by fluorescent chromophores with red (texas red) and green (fluorescein) 
emission spectra, respectively. The appearance of the red fluorescence at the periphery of 
the left element in panel (a) confirms that the avidin only binds to the surface of the 
biotinylated hydrogel microlens. Interestingly, there is no discernable non-specific 
adsorption to the non-biotinylated hydrogel microlens at the same solution avidin 
concentration (right element in panel (a)). Non-biotinylated microlenses also do not show 
any non-specific adsorption when they are present alone on the substrate (data not 
shown). This observance in wider view area is also shown in Figure 5-3. Note that in PBS 
buffer, both microlenses display only green fluorescence due to fluorescein, although the 
biotinylated microlens appears to have weaker fluorescence intensity than that of the non-
biotinylated one. This may be due to a difference in the photobleaching rate between the 
two particles, or it may be that biotin acts as a quencher when placed in close proximity 
to fluorescein. Finally, brightfield transmission microscopy was used to scrutinize the 
selectivity of these assay system by exposing the biotinylated microlenses to a solution of 
anti-avidin (panel (c, d)). The DIC images of the hydrogel microlenses are unchanged by 
the presence of anti-avidin at a solution concentration of 730 nM (equivalent to 110 













Figure 5-2. Fluorescence microscopy images of hydrogel microlenses in (a) 1 μM avidin 
in 10 mM PBS and (b) a 10 mM PBS buffer solution. Note that the microgel is labeled 
with 4-acrylamidofluorescein (green) and avidin (red) is conjugated with Texas red. 
Biotin-avidin binding is observed only on the biotinylated microgel (left element in each 
panel) and not on the non-biotinylated microgel (right element in each panel) at the tested 
avidin concentration. (c) DIC microscopy image of the bare microgels (right element in 
each panel) and the biotinylated microgels (left element in each panel) in 730 nM anti-
avidin in 10 mM PBS and (d) 10 mM PBS buffer solution. There is no discernable 
change on DIC images due to the nonspecific adsorption of anti-avidin. Note that 150 μL 
of each solution was used for this experiment (1 μM is equivalent to 150 pmoles). The 











Figure 5-3. Wider view fluorescence microscopy images of hydrogel microlenses in 1 
μM avidin in 10 mM PBS. Note that the microgel is labeled with 4-
acrylamidofluorescein (green) and avidin (red) is conjugated with Texas red. Biotin-
avidin binding is observed by the formation of red circles only on the biotinylated 
microgel and not on the non-biotinylated microgel at the tested avidin concentration. The 





As described above, we propose that the [avidin] dependent microlens response is 
caused by an increase in the network cross-link density, due to the ability of avidin to 
bind up to four equivalents of biotin. In order to prove the requirement of multivalent 
binding, we investigated the sensitivity of the microlens assay to avidin that had been 
equilibrated with different amounts of free biotin. Figure 5-4 shows the DIC (panels a, c) 
and lens projection (panels b, d) images of the hydrogel microlenses exposed to avidin 
solutions pre-equilibrated with 1 (panels a, b) or 2 (panels c, d) equivalents of biotin. 
Because of the extraordinarily low dissociation constant (and hence small dissociation 
rate constant) of the biotin:avidin pair (Kd~10-13 to -15) the free biotin is not expected to 
exchange with the hydrogel-bound biotin on the timescale of the experiments. Thus, this 
experiment allows for a measure of avidin-based cross-linking as a function of the 
number of free binding sites. Comparing the data in Figure 5-4 with that in Figure 5-1, 
where free avidin is used, suggests that the hydrogel microlens is less sensitive to avidin 
that has been pre-equilibrated with biotin than free avidin. In the case of 1:1 biotin:avidin, 
the microlens is observed to “turn on” at ~200 nM (30 pmoles of avidin), while for 2:1 
biotin:avidin, the lens is not switched until ~600 nM (90 pmoles of avidin). This behavior 
can be reasonably understood by the fact that the free avidin statistically will have more 















Figure 5-4. Sensitivity of the hydrogel microlens assay to the number of the active 
binding sites on avidin. The different number of the active sites were prepared by 
equilibrating avidin with different stoichiometric ratios of biotin. (a) DIC images of the 
hydrogel microlenses exposed to 1:1 biotin:avidin solutions in 10 mM PBS buffer as a 
function of total avidin concentration. (b) Projection of the single square pattern (top) 
through the hydrogel microlenses under the same conditions as described for column (a). 
(c) DIC images of the hydrogel microlenses exposed to 2:1 biotin:avidin solutions in 10 
mM PBS buffer as a function of total avidin concentration. (d) Projection of the single 
square pattern (top) through the hydrogel microlenses under the same conditions as 
described for column (c). Note that 150 μL of each solution was used for this experiment 
(100 nM is equivalent to 15 pmoles). The scale bar is 2 μm. 
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To eliminate the possibility that the focal length change is caused by monovalent 
binding and/or nonspecific binding of avidin, we exposed microlens arrays to solutions of 
avidin pre-equilibrated with 3 (monovalent avidin) and 5 (excess biotin) equivalents of 
biotin (Figure 5-5). Under these conditions, we observe no discernable change in lens 
focal length due to the statistical improbability of protein-based cross-linking under 









Figure 5-5. Effects of the monovalent binding and the nonspecific adsorption. (Left 
column) DIC images of the hydrogel microlenses and (Right column) projected square 
pattern images through the hydrogel microlenses in 1 μM of biotin-equilibrated avidin 
solutions with the ratio of (a) 3:1,   (b) 5:1  biotin:avidin, and (c) 10 mM PBS buffer. The 
bare microgels (right element in each panel) and the biotylated microgels (left element in 
each panel) are unchanged under these conditions. Note that 150 μL of each solution was 
used for this experiment (100 nM is equivalent to 15 pmoles). The scale bar is 2 μm. 
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To evaluate the generality of the assay for protein detection, we investigated a 
weaker binding protein-ligand interaction. In this case, a polyclonal antiserum (IgG 
fraction) raised in goat against biotin was used as the cross-linking protein.  Note that an 
IgG is different from avidin in a number of ways. It has a higher molecular weight (~150 
kDa vs. ~66 kDa for avidin), it has only 2 binding sites (paratopes) for biotin, and it is 
expected to have a much higher dissociation constant than avidin. Typical effective 
(ensemble) dissociation constants for polyclonal antisera are on the order of Kd ~ 10-9 M. 
Figures 5-6 (a) and (b) show the DIC images and the projected pattern images as a 
function of anti-biotin concentration, respectively. The hydrogel microlens assay displays 
a focal length change at a concentration above 367 nM (equivalent to 55 pmoles), with 
the general microlens appearance being very similar to that observed for avidin binding. 
If one compares Figures 5-4 (c) and (d) with Figures 5-6 (a) and (b) where the effective 
number of binding sites to biotin is same but the Kd values are different, we find that the 
microlens assay is more sensitive to anti-biotin than it is to avidin, despite avidin’s lower 
Kd value. While it is possible that this arises from the higher molecular weight of the IgG, 
it is also reasonable to consider the larger distance between binding sites in the IgG. It 
may be the case that the IgG is statistically a better cross-linker simply because it can 
access more biotins than the smaller avidin. Also, it should be pointed out that the anti-
biotin assay is less sensitive than the avidin assay in Figures 5-4 (a) and (b), where the 
avidin has three active binding sites. Thus, the sensitivity of the cross-linking assay will 
be due to the protein:ligand affinity, the number of ligand binding sites, and the distance 









Figure 5-6. Influence of polyclonal anti-biotin on the hydrogel microlenses in 10 mM 
PBS buffer solution as a function of anti-biotin concentration at room temperature. a) 
DIC microscopy images of bare microgels (right element in each panel) and biotylated 
microgels (left element in each panel) at the indicated anti-biotin concentrations. b) 
Projection of the single square pattern (top right) through the hydrogel microlenses under 
the same conditions as described for column a. As the anti-biotin concentration increases, 
only the biotinylated hydrogel microlenses form dark circles in DIC images (a) and 
tightly focused square images in projection mode (b). Note that 150 μL of each solution 
was used for this experiment (367 nM is equivalent to 55 pmoles). The scale bar is 2 μm. 
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The reversibility of the hydrogel microlens assay is shown in Figure 5-7. The 
hydrogel microlenses were stepwise exposed to PBS buffer (Row (a)), polyclonal anti-
biotin solution (Row (b)), and biotin solution (Row (c, d)). As shown, when the antibody-
bound microlenses are exposed to a solution of the free ligand, the focal length of the 
microlens reverts back to its original state, suggesting that the protein-based cross-links 
have been disrupted. This result suggests that this construct could potentially be used in a 
displacement-type assay. For example, each microlens could contain both a tethered 
protein and a tethered ligand, where association between the two results in a cross-linking 
point and hence a decrease in focal length. However, upon exposure to the free ligand or 
protein (depending on what is to be assayed), these cross-links would be disrupted, 
thereby increasing the lens focal length, which can be visualized on a simple optical 
microscope. A displacement assay of this type would have the advantage of being 
reversible, since the displaced moiety would remain tethered to the microlens. Following 
washing, the protein:ligand cross-link would be re-formed, thereby resetting the 
microlens in the “on” state. Furthermore, if one were able to tune either the dissociation 
constant of the tethered protein:ligand pair, or the critical number of cross-links required 
for microlens modulation, the sensitivity of the assay to the solution concentration of 









Figure 5-7. Reversibility of the hydrogel microlens assay. (Left column) DIC images of 
the hydrogel microlenses and (Right column) projected square pattern images through the 
hydrogel microlenses. The hydrogel microlenses were stepwise exposed to 10 mM PBS 
buffer (Row (a)), 667 nM polyclonal anti-biotin solution (Row (b)), and 1 mM free biotin 
solution (Row (c) after 3 hrs and, (d) after 22 hrs). The bare microgels are the right 
elements in each panel and biotinylated microgels are left elements in each panel. Note 
that 150 μL of each solution was used for this experiment (667 nM is equivalent to 100 
pmoles). The scale bar is 2 μm. 
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5.4      Conclusions 
This chapter has demonstrated that biotin-functionalized hydrogel microlenses can 
be used to assay avidin and polyclonal anti-biotin using a brightfield optical microscopy 
technique.∗ The hydrogel microlens assay can be easily constructed in inexpensive, 
simple, and rapid fashion, with high selectivity. The unique characteristics of the assay 
technology include the ability to determine the presence of an expected protein by 
monitoring the focal length of the microlens without the need for covalent tagging of the 
protein of interest. Furthermore, these microlenses could individually represent pixels in 
a biochip-type format, where such a chip could be read-out by simple optical microscopy 
coupled with image recognition software, again in a label-free format. These fundamental 
advantages make this new technique attractive for the future development of a 
displacement type protein assay where “on” and “off” signals are sufficient for primary 
affinity screening. However, it should be noted that the present materials platform 
represents a non-optimized format for biological sensing, as the polymers used here may 
be sensitive to changes in ionic strength in the physiological range and will be sensitive 
to changes in ambient temperature. Thus, this chapter has demonstrated the first steps 
towards practically applicable bioresponsive materials, with further optimization required 
before true applications result. 
                                                 
∗ We thank Prof. J. Fourkas (University of Maryland) for helpful discussions during the 
course of this work.  
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LABEL-FREE BIOSENSING WITH HYDROGEL MICROLENSES 
 
This chapter is divided into three main sections, all describing the use of 
bioresponsive hydrogel microlenses as a label-free biosensing scaffolding. The first 
section describes the design and application of multifunctional hydrogel microlenses to 
the problem of label-free biosensing and bioanalysis. These microstructures 
simultaneously act as the biosensor’s scaffolding/immobilization architecture, transducer, 
amplifier, and also allow for broad tunability of the analyte concentration to which the 
microlens is sensitive. The second section describes investigations of the response rates 
of bioresponsive hydrogel microlenses in order to gain a deeper understanding of their 
potential utility as a new label-free biosensing construct. The response rates of the 
hydrogel microlenses are strongly coupled to analyte concentrations at a equilibrium 
number of antigen:antibody binding on the hydrogel microlenses. The third section 
describes studies of specific and nonspecific adsorption effects on bioresponsive hydrogel 
microlenses in order to better understand the utility and potential advantages of this 
bioresponsive material. The technique described here does not suffer from false signals 
by nonspecific adsorption, mainly due to the fact that the microlensing is predominantly 
modulated by cross-linking formation/deformation of antibody:antigen (and/or 
protein:ligand) binding rather than by simple protein adsorption.  
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6.1       Introduction 
Recent efforts in the field of bioresponsive materials have focused on the design 
of novel structures that intelligently respond to biological stimuli.1-29 In this paradigm, 
Chapter 5 has shown bioresponsive hydrogel microlenses in which specific protein 
binding events were monitored as changes in the microlens focal length via brightfield 
optical microscopy.2 In that study, we observed that the microlens focal length could be 
tuned by multivalent protein binding, where the protein:ligand association formed a 
cross-link in the hydrogel network. In this chapter, we take advantage of that fundamental 
observation by coupling an antigen:antibody pair directly to the microlens, thereby 
providing for a reversibly switchable cross-link on the microlens. This forms the basis of 
a new biosensing construct that is reversible, and simultaneously acts as the biosensor 
scaffolding/immobilization architecture, transducer, and amplifier, while providing for 
broad tunability of the analyte concentration to which the microlens is sensitive. 
Furthermore, this construct is exceedingly resistant to spurious signals due to non-
specific binding, since the microlens bioresponsivity is dependent on the reversible 
displacement of protein:ligand interactions.  
To achieve these goals, we fabricated hydrogel microparticles (>1 micron in 
diameter) composed of poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc) 
via aqueous free-radical precipitation polymerization. Previous Chapters demonstrated 
that similar particles can be used to create self-assembled arrays of hydrogel microlenses 
on solid supports.2,30-32 To render the microgels antibody reactive, a portion of the AAc 
groups are used to couple an antigen (biotin, as H2N-Biotin) and aminobenzophenone 
(ABP) via EDC and DCC coupling, respectively.33 Functionalization by ABP allows for 
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photo-tethering of anti-biotin after it is associated to the microlens via native 
antibody:antigen association. The biotin/ABP-functionalized microgels are then 
Coulombically assembled onto a 3-aminopropyltrimethoxysilane (APTMS)-
functionalized glass substrate to form supported microlenses. Bioresponsive microlenses 
are then prepared by exposure to a buffered solution of polyclonal anti-biotin, which 
binds to the microlenses via antibody:antigen interactions. Photoligation of the surface-
tethered ABP to the antigen-bound antibody is accomplished via UV irradiation. Thus, 
the microlens surface is decorated with multiple antibody:antigen-based cross-links, 
which can then be disrupted by introduction of free antigen to the surrounding medium. 
Since the antibody is covalently tethered to the microlens surface, washing with antigen-
free media results in re-assembly of the tethered antibody:antigen pairs, thereby 




Scheme 6-1. The general strategy for label-free biosensing using bioresponsive hydrogel 
microlenses. (a) pNIPAm-co-AAc hydrogel microparticles assembled as microlenses on a 
glass substrate. (b) Conjugation of biotin and ABP to the microlenses. (c) Assembly of 
antibodies followed by photoligation. (d) Reversible displacement of the antibody:antigen 









6.2      Experimental Section 
Materials  
All reagents, materials, and water were purchased and/or prepared as previously 
described in the Chapter 2 unless otherwise specified. 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) and biotin hydrazide were purchased from Pierce. Dimethyl 
sulfoxide (DMSO) was obtained from J.T. Baker. Polyclonal anti-avidin (raised in rabbit) 
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and polyclonal anti-biotin (raised in goat) were purchased from Sigma-Aldrich. Labled 
anti-goat IgG (Alexa Fluor 594, raised in rabbit) was obtained from Molecular Probes. 
Microgel Synthesis  
The same batch of microgels was used throughout this investigation and was the 
exact same microgels used in the Chapter 2.  
Microgel Functionalization 
The anionic microgel was functionalized with biotin and 4-aminobenzophenone 
by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 
dicyclohexylcarbodiimide (DCC) coupling reactions respectively.33 The functionalization 
was planned by assuming the consumption of 50% of the carboxyl groups on the particles 
by biotin and other 50% by 4-aminobenzophenone (ABP). Since the reaction efficiency 
of the coupling is <100 %, some portion of AAc groups are expected to remain available 
for binding to the cationic glass substrate.  
First, the biotinylation of 10-fold 2-[N-morpholino]ehtanesulfonic acid (MES) 
(pH 4.7) diluted anionic microgel (1 mL) was done by adding biotin hydrazide (3.8 mg 
dissolved in 0.5 mL of dimethyl sulfoxide (DMSO), 50 % of the total amount of acrylic 
acid in the microgel solution) to the dilute microgel solution. EDC (15 mg) was added to 
the microgel and biotin solution to activate the coupling reaction. The solution was stirred 
overnight at 4 °C and the unreacted biotin hydrazide was removed by several cycles of 
centrifugation followed by resuspension in phosphate buffered saline (PBS) (pH 7.5).  
For the modification of the biotinylated pNIPAm-AAc particles with 
aminobenzophenone (ABP), the microgel particle solution (1 mL) was centrifuged 5 
times and the resulting white pellet was redispersed in 700 μL DMSO. To this was added 
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150 μL each of 0.01 M ABP and 0.01 M DCC solution in DMSO. The reaction solution 
was stirred overnight at room temperature in the dark, following which 0.5 mL de-
ionized water was added. The white solid precipitate of N,N’-dicyclohexylurea thus 
formed was filtered off. The resultant filtrate was centrifuged at 14000 RPM for 15 
minutes and the pellet was redispersed in DMSO followed by four additional 
centrifugation cycles and redispersion in PBS buffer (pH 7.5). Note that the synthetic 
scheme employs an equal stoichiometric amount of biotin and ABP for coupling with the 
carboxyl groups. Also the reaction efficiency of the carbodiimide coupling is <100 %, 
hence the unreacted carboxyl groups can be further used for binding to the cationic glass 
substrate. 
Reversibly Bioresponsive Hydrogel Microlens Substrate  
To prepare bioresponsive hydrogel microlenses, Glass cover slips were cleaned in 
an Ar plasma (Harrick Scientific) and functionalized in an ethanolic (absolute ethanol) 
1% APTMS solution as previously described in the Chapter 2. Two different microgel 
substrates were used to investigate the properties of the bioresponsive hydrogel microlens 
in this Chapter. Biotin-modified microgel assembly was formed by exposing the silane-
modified substrate to a biotin-modified microgel solution in 10 mM PBS buffer (pH 7.5). 
After a 30 min exposure, the substrate was immersed in DI water for 2 hrs, rinsed with DI 
water, and dried with nitrogen gas to leave behind microgels that are strongly attached to 
the substrate by Coulombic interactions. The second type of substrate consists of the 
biotin/ABP modified microgels. Silane functionalized glass substrate was exposed to an 
aqueous biotin/ABP modified microgel solution buffered by 10 mM PBS buffer pH 7.5. 
After 30 min, the substrate was rinsed with DI water, and dried with N2 gas to leave 
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behind microgels strongly attaching to the substrate. As an internal reference substance, 
non-functionalized microgels were also attached to the substrate in similar way.  
After attachment of the microgels, a microlens array/silicone gasket/coverslip 
sandwich assembly was prepared. At this state, bioresponsive hydrogel microlens for 
direct protein binding study in section 6.4 is acquired. For reversible bioresponsive 
microlens studies in this Chapter, buffered solution of polyclonal anti-biotin was 
introduced into the void space for. After 3 hrs of incubation, the substrates were rinsed 
and the medium was replaced with PBS buffer pH 7.5. Photoligation of the microgel-
tethered ABP to the antigen-bound antibody was accomplished via UV irradiation using a 
100W longwave UV lamp for 30 min while cooling the coverslip on an ice bath. For 
microscopic investigations of microlens response to competitive protein binding, 150 μL 
of various biocytin, anti-avidin, and anti-goat IgG solutions buffered in 10 mM PBS were 
introduced into the void space of the assembly. 
A microlens array/silicone gasket/coverslip sandwich assembly was prepared 
using the microgel functionalized glass slides in similar fashion as previously described 
in this chapter. The assembly is then incubated with a solution of polyclonal anti-biotin 
diluted with pH 7.5 PBS and irradiated using a 100W longwave UV lamp as previously 
described in this chapter For microscopic investigations as the microlenses response to 
competitive antigen:antibody binding, various concentrations (100 μL aliquots) of biotin, 
alexa fluor labeled avidin, IgG, biocytin and antibiotin buffered in 10 mM PBS were 
introduced into the void space of the assembly.  
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Microscopy 
The bioresponsivity of hydrogel microlenses were monitored using brightfield 
and fluorescence optical microscopies as described in the Chapter 5. The details of image 
projection through microlenses via optical microscopy have been described in previous 
Chapters. The same microscope setup as shown in the Chapter 5 (Scheme 5-1) was used 
in the studies described in this Chapter. 
 
6.3       Reversible Biosensing with Hydrogel Microlenses 
This study demonstrates a label-free biosensor/bioassay technique based on 
bioresponsive hydrogel microlenses. The elasticity (or cross-link density) of the outer 
surface of a microgel is coupled to an antibody:antigen association-dissociation 
equilibrium. In the bound state, the degree of cross-linking at the microgel surface is 
increased, resulting in hydrogel deswelling at the surface. In the presence of soluble 
antigen, the bound antibody:antigen cross-link is disrupted, resulting in swelling at the 
microgel-solution interface. Reversible antibody:antigen cross-links at the microlens 
surface allow for microlens focal length tuning in response to soluble antigen without 
interference from non-specific adsorption. As the method is based on a displacement 
event in the context of gel swelling changes, the sensitivity can be tuned by controlling 
the number of cross-links required to elicit a specific swelling response. 
 
6.3.1    Results and Discussion 
The behavior of microlenses formed following incubation with different 
concentrations of polyclonal anti-biotin is shown in Figure 6-1 (a,b). Under these 
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conditions, microlenses not only show antibody concentration dependence in the 
differential interference contrast (DIC) images, with the formation of a dark circle at the 
particle periphery, but also show changes in the image projection through the microlenses. 
Above a critical antibody concentration, the lens is in the “on” configuration, while 
below that concentration the lens is “off”. These optical effects are due to the local 
refractive index (RI) change of the hydrogel microlenses caused by the formation of 
biotin:anti-biotin based cross-links at the microlens surface. The critical anti-biotin 
concentration represents the point at which the number of cross-linking points is 
sufficient to cause the microgel periphery to deswell. Below that concentration, the 
elastic restoring force of the network exceeds the free energy change associated with 
multivalent antibody binding. In this fashion, the intrinsic binding affinity of the 









Figure 6-1. Influence of polyclonal anti-biotin concentration on lensing and the optical 
model of lens structure. (a) Projection of a square pattern (left) through a biotin/APB 
modified hydrogel microlens after photo-irradiation during incubation with the indicated 
anti-biotin concentrations. (b) DIC microscopy images taken under the same conditions 
as in (a). The scale bars are 2 μm.  (c-e) Results of raytracing simulations of the relative 
microlens focusing powers: (c) a meniscus+plano-convex compound lens arising from 
the formation of antibody:antigen cross-links at the microgel periphery; (d) a simple 
plano-convex lens arising from uniform distribution of the two refractive indices in (c); 
and (e) a uniform plano-convex lens lacking antibody:antigen cross-links. The relevant 
refractive indices (n) and the relative focal lengths (flrel) are indicated. Note that the 
refractive index of medium is considered to be n=1.33.  
 114
To illustrate the effect of microlens surface deswelling on the overall optical 
properties, a series of 2-D optical raytracing simulations (Raytrace v.2.18) were 
performed in a medium with n=1.33 (refractive index of water). In the lens “on” state 
(Figure 1c), the microlens is modeled as meniscus + plano-convex compound lens with 
slightly higher refractive index at the periphery (n=1.39 vs. 1.34 in the bulk) due to a 
surface localized binding of biotin:anti-biotin. The simulations show that the compound 
lens structure produces a significantly shorter relative focal length (flrel=1.00) as 
compared to the unmodified hydrogel microlens modeled as a uniform plano-convex lens 
(n=1.34; flrel=3.00; Figure 6-1(e)). In the compound lens, we have somewhat arbitrarily 
assumed that antibody:antigen binding, and hence the RI increase, is limited to the outer 
25% of the lens volume (~170 nm deep into the particle). It is clear that the dimensions of 
the dark circle at the particle periphery are at or below the diffraction limit for visible 
light imaging (~250 nm), so this is a reasonable initial guess. The Chapter 5 have also 
illustrated that avidin can diffuse into the periphery of microgels with a similar cross-
linking density. In this figure, we also compare the surface localized binding case to a 
plano-convenx lens where the increase in the refractive index due to antibody:antigen 
binding is uniformly distributed over the entire optic (n=1.35; flrel=1.37; Figure 1d). In 
light of the simulation results, it is clear that by limiting the hydrogel responsivity to the 
particle periphery, one can potentially have a higher sensitivity to binding events due to a 
concomitant localization of the refractive index changes. Furthermore, these structures 
should display fast response times due to the short mass transport distance required to 
elicit an optical response.   
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The lens bioresponsivity is highly reversible, as shown in Figure 6-2. In this 
example, the biotin-ABP-functionalized hydrogel microlenses were incubated with a 6.7 
μM solution (equivalent to 670 pmol) of polyclonal anti-biotin, followed by UV 
irradiation to covalently tether the antigen-associated antibodies to the microlens. The 
changes in the microlens-projected image were then monitored during exposure to 10 
mM PBS (panels a, c, and e) and 1 mM biocytin (panels b, d, and f) solutions. Biocytin is 
a water-soluble analogue of biotin. The microlens is initially observed be in the “on” state 
in PBS buffer, which we characterize as the formation of a double square image in image 
projection mode and the dark circle at the particle periphery in DIC image. When the 
microlenses are then exposed to a solution of free biocytin, the microlenses are observed 
to switch to the “off” state, as characterized by a single square image (projection mode) 
and the disappearance of the black circle (DIC mode). This change in microlens focal 
length arises from disruption of the bound antibody:antigen pairs by competitive 
displacement with free antigens from solution. When the microlens is returned to an 
antigen-free buffer, the tethered antibody:antigen pairs re-assemble as the free antigens 
dissociate from the microlens. This response can then be cycled by repeated exposures to 
either antigen-containing or antigen-free buffer. These results indicate that (1) the 
microlens response is thermodynamically reversible, i.e., the initially photo-coupled state 
is a relatively low energy state and (2) the antibodies are indeed coupled to the microlens, 
as we would not expect reversibility if the first displacement interaction led to dissolution 







Figure 6-2. Reversibility of the bioresponsive microlenses. In each panel, the left image 
is the projection of the square pattern and the right image is the DIC image of the 
microlens. (a) Initial “on” state; (b) the lens turned “off” with 1 mM biocytin; (c, e) the 
lens reverts to the “on” state upon washing with PBS; (d, f) the same conditions as (b), 
which turns the lens “off”. The scale bars are 2 μm.  
 117
It is also interesting to note that this displacement-based mode of action yields 
microlenses that are insensitive to non-specific binding, as well as secondary specific 
binding events. Figure 6-3a shows the DIC and image projection views of a single 
microlens in PBS. After introducing a solution of anti-avidin, which should not bind to 
the microlens via the tethered antibody or antigen, (Figure 6-3b) there is no discernable 
change in the microlens appearance or focal length. If the microlens is then exposed to 
anti-goat IgG (raised in rabbit), which should bind the tethered antibody (Figure 6-3c), 
but will do so by binding to non-paratope regions and will therefore not disrupt 
antibody:antigen interactions, we find again that the microlens is unperturbed. 
Fluorescence microscopy further reveals that the secondary antibody is indeed bound to 










Figure 6-3. Effects of nonspecific adsorption on the optical properties of bioresponsive 
microlenses prepared with 1 μM anti-biotin: (left column) DIC image of the hydrogel 
microlens and (right column) projected square pattern images through the hydrogel 
microlens in: (a) 10 mM PBS buffer pH 7.5, (b) 5.5 μM anti-avidin and, (c) 5.5 μM 
rabbit anti-goat IgG conjugated with Alexa Fluor 594. The fluorescence microscopy 
image of hydrogel microlens (FL) is also shown in the extra panel. Note that 150 μL of 
each solution was used for this experiment. The scale bar is 2 μm. 
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In designing any sensor system, selectivity, sensitivity, and dynamic range are the 
key factors to realize a sensor for real world utilization. In the light of above results, one 
is able to prepare bioresponsive hydrogel microlenses, which have high specificity in a 
label-free format due to the use of a displacement/competitive binding scheme. However, 
the response is essentially a binary (on/off) one, which does not allow for quantitative 
analysis over a wide range of analyte concentrations. Therefore, it should be possible to 
tune the sensitivity of the microlenses by changing the number of antibody:antigen cross-
links present on the microlens, an hence the number that must be displaced to induce a 
response.  This can be trivially accomplished by changing the concentration of polyclonal 
anti-biotin used in the photo-cross-linking step to set initial lens “on” state. These data 
are shown in Figure 6-4. As expected, the minimum concentration of biocytin required to 
switch the microlens state is inversely dependent on the concentration of antibody used in 
the photo-cross-linking step. This can be understood by considering the thermodynamics 
of the system. In the tethered antibody:antigen system, the thermodynamics of hydrogel 
swelling are intimately coupled with those of the biological affinity pair. That is, the 
effective affinity of an individual binding pair must be reduced in the case where the gel 
is deswollen relative to its equilibrium state. Essentially, this is a state where the total free 
energies of antibody:antigen binding overcome the required reduction of network entropy 
required for deswelling. Thus, there should be a critical number of cross-linking points 
that result in observable hydrogel deswelling. If the hydrogel microlenses are prepared 
with excess binding pairs above that critical point, then the individual hydrogel 
microlenses will reswell only after a suitably large number of displacement events have 
occurred. However, if the number of cross-linking points is just slightly above this 
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critical point, only a few displacement events will result in gel swelling. Also, note that 
row (d) shows a lens incubated with 0.6 μM anti-biotin, which is insufficient to turn the 
lens “on”, even in PBS that is lacking added biocytin. These results suggest that the 
digital nature of an individual microlens response can be overcome by creating microlens 









Figure 6-4. Tuning the microlens sensitivity. (Row a) Projection of the square pattern 
through a microlens incubated with 6.7 μM anti-biotin before photo-cross-linking. The 
biocytin concentrations are indicated at the top of each column. Incubation with: (row b) 







Figure 6-5. (a) Graph of the microlens focusing “state” as a function of solution biocytin 
concentration and initial anti-biotin concentration. Triangles represent the fully “on” state 
(as shown in row b), circles represent the transition point (row c), and inverse triangles 
represent the fully “off” state (row d). Note that 150 μL of each biocytin solution was 






To observe microlens switching in more detail, we exposed the hydrogel 
microlenses to a narrower range of biocytin concentrations in Figure 6-5. These 
experiments reveal that hydrogel microlenses show at least three distinct image 
projection modes, which we refer to here as “off”, “intermediate”, and “on”, in response 
to different anti-biotin concentrations in Figure 6-5(b, c, and d). Figure 6-5(a) shows the 
occurrence of each state upon changing the biocytin concentration as a function of the 
initial concentration of anti-biotin. From this it is clear that the bioresponsive microlenses 
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do display a transition range of finite width and are hence not purely binary response 
elements, thereby making the ultimate sensitivity of the element coupled to our ability to 
observe subtle changes in microlens focal length. Most importantly, Figure 6-5(a) shows 
a modulation of microlens sensitivity over ~4 orders of magnitude, clearly illustrating the 
potential for using gel swelling thermodynamics to modulate the sensitivity of a 
bioaffinity based sensor element. 
 
6.3.2    Conclusions 
This section have demonstrated a new paradigm in label-free biosensing by 
combining antibody:antigen cross-linked hydrogel microlenses with a simple brightfield 
optical microscopy technique. The utility of the construct for small molecule detection, 
its resistance to interferences from non-specific adsorption, the ability to tune the 
sensitivity, small sample volume requirement, and the inexpensive, rapid and simple 
fabrication method make this a potentially powerful and generalizable biosensing 
construct. Furthermore, these fundamental advantages make this material attractive for 
the future development of bioresponsive materials in applications far beyond bioanalysis. 
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6.4     Displacement Induced Switching Rates of Bioresponsive Hydrogel 
Microlenses 
This section describes investigations of the response rates of bioresponsive 
hydrogel microlenses in order to gain a deeper understanding of their potential utility as a 
new label-free biosensing construct. The same bioresponsive hydrogel microlens 
construct as previously described in this chapter were used for this study. The response 
rates of the microlenses to biocytin binding (bound antibody-antigen displacement) were 
studied by monitoring the microlens optical properties via brightfield optical microscopy. 
The response rates of the hydrogel microlenses are strongly coupled to analyte 
concentrations at a equilibrium number of antigen:antibody binding on the hydrogel 
microlenses.  
 
6.4.1   Results and Discussion 
The main purpose of this study is to investigate the response rate of the 
bioresponsive hydrogel microlenses on label-free biosensing. To accomplish this goal, a 
bioresponsive hydrogel microlens construct containing biotin:anti-biotin-labeled 
pNIPAm-co-AAc microparticles and non-labeled pNIPAm-co-AAc microparticles is 
prepared, which is shown in Scheme 6-1.  
 The focusing power of microlenses as a function of the polyclonal anti-biotin 
concentration is shown in Figure 6-6. Here, we have prepared a microlens assembly 
containing pNIPAm-AAc microlenses (left element in each column as an internal 
reference) and biotin/ABP functionalized pNIPAm-AAc microlenses (right element in 
each column as the responsive element) in Figure 6-6 (a,c). The microlenses were 
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incubated with a 1 μM solution of anti-biotin solution and then irradiated with UV light 
allowing for photo-tethering of anti-biotin to microlens surface (Figure 6-6 b,d). As in the 
previous studies, the biotin/ABP functionalized microlens not only shows in the 
differential interference contrast (DIC) images (Figure 1b), with the formation of a dark 
circle at the particle periphery, but also shows changes in the image projection through 
the microlenses (Figure 6-6 d). However, there is no discernable change in the optical 
properties of the pNIPAm-co-AAc microlenses after antibody incubation. These results 
suggest that above a antibody concentration, the only biotin/ABP functionalized 
microlenses deswell by formation of biotin:anti-biotin cross-links at the microlens surface, 
undergo change in the local refractive index (RI), and is in the so called “on” 
configuration. These results are also confirmed by measuring an effective focal length of 
the microlens “on” or “off” state. To this end, we measured the distance between the 
focusing point of light source and the surface plane of the microlens substrate by using a 
brightfield microscope setup. The effective focal lengths of the “on” and “off” states are 
determined as 3.07 μm and 6.18 μm, respectively.∗ It is clear that the bioresponsive 
microlenses are able to show significant changes in the optical properties for the each 
state, although the measured focal length of the microlenses may be shorter than that of 
the actual microlens component mainly due to microscope setup, and/or other 
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Figure 6-6. The responsive behavior of hydrogel microlenses to polyclonal anti-biotin 
incubation. DIC microscopy images of pNIPAm-co-AAc hydrogel microlenses (left 
element in each column) and biotin/ABP functionalized hydrogel microlenses (right 
element in each column) before (a) and after (b) 1 μM anti-biotin incubation. Projected 
square-pattern (shown in Scheme 1) images (c) and (d) through the hydrogel microlenses 




To investigate the time dependent response of the bioresponsive microlenses, they 
were exposed to the various antigen concentrations in 10 mM phosphate buffered saline 
(PBS), and the focusing power was monitored over time. Figure 6-7 shows the focusing 
power of the microlenses as a function of antigen incubation time. The results show that 
the characteristic timescale for microlens swelling is a function of the solution antigen 
concentration. As one would expect, the response is rapid (<10 min) under higher antigen 
concentrations, (row d), while low antigen concentrations do not induce swelling on the 
timescale of this experiment (row a). We interpret these results by considering that 
hydrogel swelling is induced by displacing a critical number of tethered antibody-antigen 
binding pairs. The time required for antibody:antigen displacement will be dependent on 
the intrinsic dissociation rate constant of this pair, the intrinsic association rate between 
the free antigen and the bound antibody, and the concentration of free antigen. Under the 
conditions that gave rise to Figure 6-7, where the bound antibody:antigen concentration is 
held constant, the free antigen concentration remains the only tunable variable. In the 
light of these results, we expect that the response rate of the microlenses will be related to 












Figure 6-7. Lens switching times as a function of free biocytin concentration. Projection 
of a square pattern (shown on top left) through a hydrogel microlens prepared via 
incubation with 2.0 μM anti-biotin. The [biocytin] is: (a) 10 μM (b) 50 μM (c) 100 μM 
(d) 500 μM. The contact times are indicated at the top of each column, with the initial 




The ability to determine the antigen concentration in both equilibrium and kinetic 
modes may allow us to apply this behavior to multi-dimensional antigen sensing. For 
example, Figure 6-8 shows the microlens state in response to free antigen as a function of 
time and tethered antibody concentration. It is interesting to note that the different 
number of “on” or “off” lenses serves to form a response pattern, which is a function of 
the solution antigen concentration (10 μM (left), 50 μM (center), 100 μM (right)). Such 
time-evolving patterns may be of use in increasing our ability to discriminate between 
small differences in antigen concentration and may also increase the dynamic range with 








Figure 6-8. Microlens response time as a function of sensitivity. Projection of the square 
pattern (shown in Figure 6-7) through a microlens incubated with anti-biotin solutions of 
0.7 μM (row a,d,g), 1 μM (row b,e,h), and 2 μM  (row c,f,i). Number of “on” or “off” 
state in projected images was measured as a function of response time to biocytin 
concentrations (left (a,b,c) = 10 μM biocytin, center (d,e,f) = 50 μM biocytin, right (g,h,i) 
= 100 μM biocytin). The contact times are indicated at the top of each column, with the 








Figure 6-9. Normalized average intensity of the projected images as a function of lens 
time. The average intensity of central region (0.55 μm2) in the projected images was 
normalized against the background intensity as a function of free biocytin concentration: 
(red circles) 50 μM and (blue squares) 500 μM. The error bars represent ±1σ about the 




The microlens focusing state in response to antigen concentration as a function of 
times is shown in Figure 6-9. The normalized average intensity (in percentile) was 
determined by subtracting the average background intensity of the captured images from 
the average intensity of the central region (0.55 μm2) of the image projected through the 
microlens. Thus, a positive value can be considered as a lens “on” state, where the central 
region of the projected square image (see Figures 6-6 to 6-9) is brighter than the 
background. As expected from the images shown in Figure 6-7(b,d), the projected image 
intensity allows one to distinguish between the lens “off” and lens “on” states. These 
results suggest that the bioresponsive microlens response to the target antigen can be 
monitored by quantitative image analysis as opposed to qualitative inspection of the 
image fidelity. 
As described above, we propose that the response time of the microlenses will be 
related to the number of antibody:antigen cross-links. This behavior is shown in Figure 6-
10. For these experiments, the sensitivity of the microlenses was modulated by changing 
number of antibody-antigen cross-links present on the microlens. The microlenses were 
then exposed to different concentrations of antigen, after which the microlenses were 
continually observed on the optical microscope. As expected, the response rates of the 
microlenses (detection time for biocytin analysis through the lens state “on” to off”) is 
faster in the higher biocytin concentration than that in the lower concentration at an 
antibody:antigen cross-linking degree on the microlenses. Thus, the results clearly show 
that the time required for lens switching is closely related to both the microlens 












Figure 6-10. Lens switching rate was measured as a function of free biocytin 
concentration for microlenses prepared from a range of solution concentrations of anti-
biotin. The anti-biotin concentrations used were: (green square) 0.3 μM, (red square) 0.7 
μM, (blue circle) 1.0 μM, and (black circle) 2.0 μM. The inset shows the 0.3 μM anti-
biotin incubated case with the x-axis on a linear scale. 
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6.4.2   Conclusions   
This section has demonstrated that the response rates of antibody-antigen 
modified hydrogel microlenses are strongly tied to the equilibrium sensitivities of those 
materials. We also show that the sensitivity of the each microlens is tunable, and can be 
read-out by simple optical microscopy with image analysis software in quantitative 
fashion. Finally, we measured the effective focal lengths of the hydrogel microlenses, 
experimentally by optical microscopy. The hydrogel microlens construct can be prepared 
in simple, rapid, and inexpensive method for the detection of antigen, where surface 
localization of the binding pairs may offer advantages with respect to reversibility and 
switching speed. Thus, these advantages make this bioresponsive material useful not only 
for label-free biosensing but also for a variety of other applications where direct 
responsivity to the surrounding biological environment is advantageous. 
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6.5     Influence of Ancillary Binding and Nonspecific Adsorption on Bioresponsive 
Hydrogel Microlenses  
In this section, I will describe the investigation on the intrinsic selectivity of the 
bioresponsive microgel construct to a target molecule, such as antigen and protein, in the 
microlensing methodology. For this study, specific (but ancillary) and nonspecific 
binding effects on the bioresponsive microlenses were evaluated by observing the optical 
properties of the microlenses when they are exposed to a solution of a secondary IgG (for 
specific binding) and a solution of antigen dissolved in reconstituted human serum (for 
nonspecific binding). These approaches enable one to deeply understand the utility and 
potential advantages of the bioresponsive microlens construct not only for advanced 
label-free biosensing but also for new stimuli-responsive biomaterials. The technique 
described here does not suffer from false signals by nonspecific adsorption, mainly due to 
the fact that the microlensing is predominantly modulated by cross-linking 
formation/deformation of antibody:antigen (and/or protein:ligand) binding rather than by 
simple protein adsorption.  
 
6.5.1      Results and Discussion 
The main purpose of this study is to examine specific and nonspecific adsorption 
effects on bioresponsive hydrogel microlenses to comprehend the utility and potential 
advantages of this bioresponsive material. To accomplish this aim, pNIPAM-co-AAc 
hydrogel microparticles were first functionalized with biotin via EDC coupling (Scheme 
5-2) or with biotin-ABP via EDC and DCC coupling (Scheme 6-1).2,19 For direct protein 
binding study (Scheme 5-2), the biotinylated hydrogels are used to prepare bioresponsive 
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hydrogel microlens constructs as described in previous studies. Also, reversibly 
bioresponsive hydrogel microlenses (Scheme 6-1) are prepared by using biotin-ABP 
functionalized hydrogels via anti-biotin incubation and photoligation. The reversible 
microlenses are then exposed to antigen in reconstituted human serum for nonspecific 
binding effects and secondary IgG solutions for specific/ancillary binding effects. By 
taking the advantage from our previous reports, a specific and/or nonspecific binding 
effect on the bioresponsive hydrogel microlenses is investigated by utilizing the 
engineered hydrogel microlensing in conjunction with the brightfield optical microscopy 
and fluorescence microscopy.  
To develop bioresponsive materials for a specific application, the selective 
binding between the trigger and the material is highly required even though a nonspecific 
adsorption is somehow coexistent in any case. For that reason, specific biotin-avidin 
binding to the hydrogel microlenses is investigated by using fluorescence microscope, 
and the results are shown in Figure 6-11. Note that the microgels and avidin are 
fluorescently labeled by fluorescein and Texas red, respectively to determine avidin 
binding to the microgels via red and green emission spectra. One group of microgels is 
non-biotinylated as an internal reference (right element in each panel). Red fluorescence 
at the outer surface of the biotinylated microgels is observed when the microgels are 
exposed to various concentrations of avidin solution (Figure 6-11b-d). Nonspecific 
adsorption of avidin to the non-biotinylated microgels is apparently negligible. Note that 
both microgels show same results at the same experiment conditions when they are 






Figure 6-11. Selective binding of avidin on biotinylated hydrogel microlenses in (a) no 
avidin, (b) 10 nM avidin, (c) 100 nM avidin, and (d) 1 μM avidin dissolved in 10 mM 
PBS buffer solution. Note that avidin (red) is labeled with Texas red, and the microgel 
(green) is labeled with 4-acrylamidofluorescein. The fluorescence microscopy images 
reveal that the biotin-avidin binding is only observed on the biotinylated microgels in the 
various concentrations of avidin solution. Note that nonspecific adsorption of avidin on 
the nonbiotinylated microgels is not observed. The scale bar is 2 μm. 




In applying a biosensing/bioassay platform to a realistic application, the platform 
and materials are mostly required to be insensitive to interferences in complex media 
such as serum. To investigate the reliability of the bioresponsive microgels in such 
complex media, the hydrogel microlenses were prepared by the route b in Scheme 6-3 
and then are exposed to various antigen concentrations dissolved in reconstituted 
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ImmunoPure Normal Human Serum (Figure 6-12). These microlenses display their 
typical sensitivities to biocytin concentration in reconstituted human serum, where the 
hydrogel microlenses undergo lens “on” to “off” state with increasing the biocytin 
concentration. The results suggest that the bioresponsivity of the hydrogel microlenses is 
highly resistant to nonspecific interference due to the use of a displacement/competitive 









Figure 6-12. The sensitivity of hydrogel microlenses to various antigen concentrations in 
normal human serum. The hydrogel microlenses are incubated in (a) 1 μM antibody 
solution, and (b) 0.3 μM antibody solution. Note that antibiotin and biocytin was selected 
as an antibody and antigen, respectively, and reconstituted normal human serum (protein 
concentration, 60 mg/ml) was used for false negative control experiment. PBS buffer 
solution was used for a reference medium in the experiment. The biocytin concentrations 
in the human serum are indicated at the top right of each column. The scale bar is 2 μm.  
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We also find that these microlenses are insensitive to secondary specific binding 
events, such as those involving anti-IgG binding. Figure 6-13a shows the DIC and image 
projection views of a single bioresponsive microlens in PBS. A solution of anti-goat IgG 
(raised in rabbit, and labeled with Alexa fluor 594), which should bind the tethered 
antibody but should do so by binding to non-paratope regions, was exposed to the 
microlenses. Since this protein should not disrupt antigen-antibody interactions, there is 
no discernable change in the microlens appearance or microlens-projected images (Figure 
6-13b). Fluorescence microscopy further reveals that the secondary antibody is indeed 
bound to the particle periphery. Subsequently, the microlenses were exposed to 100 μM 
concentration of an antigen solution dissolved in PBS buffer, which results in shift in the 
lensing properties from “on” to “off”, as seen in both the DIC and image projection 
modes (Figure 6-13c). The fluorescence microscopy image confirms that the secondary 
antibody is still bound to the tethered anti-biotin, while biotin:anti-biotin binding at the 
microlens surface is disrupted by the displacement action as described above. Green 
emission from biotin-4-fluoresein is not observed in the tested concentration probably 










Figure 6-13. Effects of secondary specific adsorption on the sensitivity of bioresponsive 
microlenses prepared with 1 μM anti-biotin (raised in goat): (left column) DIC image of 
the hydrogel microlens, (center column) projected square pattern images through the 
hydrogel microlens, and (right column) fluorescence microscopy images in: (a) 10 mM 
PBS buffer pH 7.5, (b) 0.1 μM rabbit anti-goat IgG conjugated with Alexa Fluor 594, (c) 
100 μ M biotin-4-fluorecein in sequence fashion.  The scale bar is 2 μm. 
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Table 6-1. Effects of secondary specific adsorption on the utility of bioresponsive 
microlenses. DIC images of the hydrogel microlenses (DIC) and  fluorescence 
microscopy images (FL) were investigated and characterized as lens “on” or “off” in the 
same method as described in Figure 6-13. Note that the bioresponsive microlenses are 
incubated in 1 μM anti-biotin (raised in goat) and then observed in10 mM PBS buffer pH 
7.5 in the first step; next, the microlenses are exposed to 1 μM, 0.5 μM, or 0.1 μM rabbit 
anti-goat IgG conjugated with Alexa Fluor 594 (IgG); finally, the microlenses were 





[anti-biotin] (DIC) 1 μM (on) 1 μM (on) 1 μM (on) 
[anti-IgG] (DIC, FL) 
1 μM (on, Ab 
bound) 
0.5μM (on, Ab 
bound) 
0.1μM (on, Ab 
bound) 
[antigen] (DIC, FL) 
1 mM (on, Ab 
bound) 
1 mM (on, Ab 
bound) 







By considering the fact that the secondary IgG can form additional cross-links by 
means of binding to the tethered antibody at microlens periphery, it is worthwhile to 
investigate the binding of the secondary IgG on microlenses for a specific, but undesired 
binding event. For this study, the microlensing is investigated in the same method as 
described in Figure 6-13, but the microlenses were exposed to higher concentration of the 
secondary IgG. Table 6-1 shows that the microlens biosensing can be perturbed by the 
formation of the secondary cross-links. If the microlenses are exposed to 0.5 μM or 1 μM 
solution of the secondary IgG, a sufficient number of Ab:Ab cross-links are formed for 
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lens “on” state to persist even in the presence of antigen. These microlenses will switch to 
the “off” state when exposed to 50 μM biotin solution, and microlenses in “off” state are 
switched to “on” state with introduction of 1 μM solution of the secondary IgG. These 
results suggest that the secondary IgG can form secondary cross-links by coupling 
tethered antibody at the microlens periphery and thus influence the bioresponsive 
microlensing. Note that the fluorescent microscopy reveals that the secondary IgG are 
bound to the microlens surface throughout this experiment after introduced.  
 
6.5.2    Conclusions 
This section has demonstrated that the responsive behavior of the bioresponsive 
hydrogel microlenses is exclusively triggered by the formation/disruption of cross-links 
via ligand-protein or antigen-antibody pair. I also show that the hydrogel microlensing is 
highly resistant to interference by simple protein adsorption in a negative control study. 
Furthermore, the positive control experiment with the secondary IgG again confirms that 
biosensing/bioassay in applying the hydrogel microlens construct is strongly dependant 
on the cross-link formation/deformation and not on the nonspecific protein adsorption. 
The bioresponsive hydrogel microlens can be simply prepared in rapid and inexpensive 
method as well as in scalable and highly selective fashion. This study suggests that the 
hydrogel microlens construct can be applied to prepare a highly selective biosensor and 
also to develop smart biomaterials in directly response to the surrounding biological 
stimuli.  
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